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Foreword 


I am very pleased to have been asked to write the foreword to this book. 

The technical advances in diagnostic radiology in the last few decades have 
transformed clinical practice and have been nothing short of astonishing. 

The subject of diagnostic radiology is now very large and radiology depart¬ 
ments are involved in all areas of modern patient care. The defining event in mod¬ 
ern radiology, and arguably the most significant development in radiology since 
Wilhelm Rontgen discovered X-rays, was the invention of the CT scanner in the 
1970s. The CT scanner introduced modern cross-sectional imaging and also digi¬ 
tal imaging. We now have MRI and ultrasound and these techniques are replacing 
many traditional X-ray procedures. The developments in radiology have been the 
result of a fruitful interaction between the basic sciences, clinical medicine and 
the manufacturers. This can be seen by looking at the various sources of these 
publications. Change is produced by the interactions between the various disci¬ 
plines. 

The editors have had a very difficult task in selecting the key discoveries and 
descriptions. The radiological literature is very large. Medical imaging continues 
to develop rapidly and these papers are the foundations of our current practice. 

Prof. Dr. Willi A. Kalender 

Institute of Medical Physics 

Friedrich-Alexander-University, Erlangen-Niirnberg 



Preface 


In the past few decades the practice of diagnostic radiology has been transformed 
almost beyond recognition. In traditional radiological practice, diagnostic tech¬ 
niques often showed the pathology indirectly; for example, the presence of a pan¬ 
creatic pseudocyst could be inferred by the displacement of a barium-filled stom¬ 
ach. Diagnostic tests were often invasive and these would then be followed by con¬ 
ventional surgery. We are now moving to a position where diagnosis is made by a 
non-invasive imaging procedure and treatment is by minimally invasive surgery. 
Performing angiography for placental localization and even the traditional oral 
cholecystogram are now only memories. The patient who needs surgery will have 
had appropriate imaging so the surgeon can plan the most effective course of 
action and may also suggest that surgery is not the most appropriate course of 
action. 

It is always interesting to read about the great names who have by their discov¬ 
eries advanced the practice of clinical medicine. There have been a number of 
books which have given the original descriptions of the writers, such as the 
“Classic Descriptions of Disease” by Ralph Major and the “Source Book of Medical 
History” compiled by Logan Glendenning. The sources of both of these books 
reach back into antiquity. The history of radiology is considerably younger and is 
a little more than 100 years old, having started with the discovery of X-rays by 
Wilhelm Rontgen in 1895. Andre Bruwer did the radiological community a great 
service when in 1964 he produced his two volumes of “Classic Descriptions in 
Diagnostic Roentgenology”. In these two books he reproduced the classic ac¬ 
counts of diagnostic radiology from the earliest days and gave an account of the 
techniques that were then in use. Radiology has transformed beyond all recogni¬ 
tion since 1964. We now have ultrasound, CT, MRI and interventional radiology. 
The traditional contrast media have been replaced by the modern agents and 
X-ray film is disappearing and is being replaced by an electronic image. However, 
radiology remains central to modern patient care. 

In this book we provide a selection of classic papers of modern radiology. The 
choice of papers is obviously personal; however, we feel that the papers chosen 
have stood the test of time. There are many important papers that have not been 
included. In this book the papers are reproduced in their original form so that the 
reader is able to read what was originally said. In the introduction to each section 
the significance of the paper is discussed with some biographical details where 
appropriate. Nuclear medicine has not been included. 

In general there is a bias towards the more technical papers. However, the 
articles chosen have resulted in many clinical papers. It is when the papers 
are brought together that the extent of the achievements of clinical radiology 
becomes apparent. 


Adrian M. K. Thomas 
Arpan K. Banerjee 
Uwe Busch 
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Introduction 

The history of the development of computerized axial tomography is complex [i]. 
James Bull, the pioneer neuroradiologist, reviewed the history of computed to¬ 
mography and says that seldom in the history of medicine has a new discovery 
swept the world quite so quickly as computed tomography [2]. Godfrey 
Hounsfield and Alan Cormack received the Nobel Prize jointly in 1979 “for the de¬ 
velopment of computer-assisted tomography.” 

In the 1960s Godfrey Hounsfield was working at EMI Ltd in Middlesex. He was 
interested in pattern recognition and also in computers. He had worked on radar 
with the RAF in the Second World War and had built the first solid-state electron¬ 
ic computer in the UK. Hounsfield was looking at internal structure and consid¬ 
ered a closed box with an unknown number of items inside. The box could be 
looked at from many directions using an X-ray source and a radiation detector. 
The results of the transmission readings could then be analyzed by the computer 
and then presented three-dimensionally as a series of slices in a single plane. 
Hounsfield developed a mathematical approach to determine the nature of the 
objects in the box in a process of reconstruction. 

Hounsfield then looked at practical applications of the technique and ap¬ 
proached the Department of Health in London. If a medical use could be found 
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then this would stimulate the development of the project. Hounsfield met Mr 
Gregory and Mr Higson, who were scientific advisers. Hounsfield was then intro¬ 
duced to Dr Ewan Lennon, a radiological adviser to the Department of Health. 
Lennon knew that Dr (later Professor) Frank Doyle from the Hammersmith 
Hospital was looking at bone density measurements. Frank Doyle gave Hounsfield 
two lumbar vertebrae of different densities. Hounsfield examined the vertebrae 
and returned to Doyle with computer printouts of numbers in the coronal plane of 
the vertebral body. Hounsfield had already worked out a scale of numbers and 
Doyle was impressed with the result. It was a recurring theme with Hounsfield 
even after the development of the EMI scanner that he preferred the computer 
printout of numbers to a pictorial presentation of the data. Lennon also made con¬ 
tact with two other radiologists. These were Dr James Ambrose and Dr Louis 
Kreel. James Ambrose was a neuroradiologist from Atkinson Morley’s Hospital in 
South London and Louis Kreel was from the Royal Free Hospital, subsequently 
moving to Northwick Park Hospital in Harrow. It became apparent that EMI 
would not spend any more money on developing the new technique without the 
support and a contribution from the Department of Health. Lennon and Higson 
reported to the Department of Health, who agreed to the necessary support. The 
three radiologists then worked more closely with EMI. Frank Doyle supplied bone 
specimens, James Ambrose supplied brain specimens and Louis Kreel supplied 
abdominal specimens. Work continued on specimen radiography and then on the 
14 th January 1970 there was a meeting at the Department of Health between the three 
radiologists and Dr Lennon, Mr Gregory and Mr Higson. The initial results were 
very promising and it was agreed to produce a protype machine. Because of the 
difficulties of abdominal scanning it was agreed that the prototype would be a 
brain machine. This was to be at Atkinson Morley’s Hospital [3]. Atkinson Morley’s 
hospital had several advantages. The hospital was quite close to EMI, the scanner 
could be placed in a discreet location and patients could be examined without too 
much advertisement and the department had an innovative approach to radiolog¬ 
ical practice. James Ambrose developed a close relationship with Godfrey 
Hounsfield. The prototype scanner was installed in the hospital on the 1 October 
1971. The scanning time was 4 min per slice with a slice thickness of a little over 1 
cm. There was no computer attached to the machine and the data were taken on 
magnetic tape to be analyzed by EMI. Ambrose had felt that at least 6 months of 
work would be needed to build up an appreciation of the normal and abnormal. 
The first patient was a 41-year-old lady with a possible frontal lobe tumour. The 
data was acquired and the tapes were sent to EMI. The results were returned after 
2 days. The tumour in the frontal lobe was clearly shown, and Ambrose said the 
result caused Hounsfield and himself to jump up and down like football players 
who had just scored a winning goal. Radiology was changed forever. 

The results were presented at the 32nd Annual Congress of the British Institute 
of Radiology, which was held at Imperial College in April 1972. The session was 
held on the afternoon of Thursday 20 April, chaired by George du Boulay, and was 
entitled ‘New Techniques for Diagnostic Radiology/ The paper presented by 
Ambrose and Hounsfield was entitled “Computerised axial tomography (A new 
means of demonstrating some of the soft tissue structures of the brain without 
the use of contrast media).” As might be expected the paper produced a sensation 
and the first press announcement was in The Times on 21 April 1972. The presenta¬ 
tion appeared as an abstract in the British Journal of Radiology [4] with three pa¬ 
pers appearing later that year. The first paper by Hounsfield [5] described the 
technical background, the second paper was by Ambrose [6] and described the 
clinical findings, and the third paper by Perry and Bridges [7] looked at radiation 
doses. EMI then started the production of a brain machine and made five: one for 
the National Hospital, Queen Square, one for Manchester, one for Glasgow and 
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two for the United States, one for the Mayo Clinic and the other for the 
Massachusetts General Hospital. All machines were installed in the summer of 
1973. James Bull described the new machine to Dr Fred Plum, a leading American 
neurologist. Plum said that United States would need at least 170 brain machines 
to cover the neurology departments and that it would soon become unethical for a 
neurologist to practice without access to a brain machine since it saved many pa¬ 
tients from unnecessary suffering from the currently available techniques. 
Ambrose also looked at the use of the new scanner in orbital lesions which were 
previously difficult to image [8]. 

Whilst the new scanner was obviously effective it was also very expensive. EMI 
had various problems, which Melvyn Marcus outlined in the Sunday Telegraph of 
30 July, 1978 in an article entitled ‘It’s crisis time for scanners.’ The difficulties that 
EMI experienced were from two directions. Firstly, competition from other com¬ 
panies: there were several court cases for patent infringements, including a suit 
filed by EMI against Ohio-Nuclear in 1976 and Pfizer in 1977. However, more sig¬ 
nificant was the clampdown on hospital expenditure in the United States under 
the administration of President Jimmy Carter. America was the largest market for 
the EMI scanner and hospitals had to meet very rigorous conditions to be able to 
undertake any major capital expenditure. 

However, in spite of the problems experienced by EMI and the EMI scanner, CT 
has continued to develop. 

The award of the Nobel Prize for Medicine and Physiology to Godfrey 
Hounsfield and Alan Cormack in 1979 emphasised the arrival of the new tech¬ 
nique. Alan Cormack had developed the mathematical basis of CT scanning [9] 
but he had worked independently from Godfrey Hounsfield. Cormack had devel¬ 
oped a mathematical approach to looking at the problems of variations in body 
tissues that are important in radiotherapy. At the time there was no commercial 
interest and the subject was not pursued. There were a number of workers looking 
at the same area, for example Oldendorf and David Kuhl [10]. Cormack became 
aware of the pioneering work of Radon only in the late 1970s [11]. Radon had stat¬ 
ed that if the line integrals of a particular property of an object, such as its density, 
could be known for all lines intersecting a slice of and object and coplanar with 
the slice then the density can be reconstructed exactly. Cormack then considered 
how many measurements need be made since only a finite number of measure¬ 
ments can be made with beams of a finite width. It is very salutary to observe the 
number of disconnected workers considering the same problem but coming from 
quite different directions. 
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Spiral CT 

Spiral CT represents a significant advance in the technology of CT scanning and 
has significantly increased the clinical value of CT. The first clinical cases and per¬ 
formance measurements were presented as work in progress by Willi Kalender, 
Peter Vock and Wolfgang Seissler at the 75th anniversary meeting of the 
Radiological Society of North America in 1989 [1,2]. The technique was then fully 
described in a paper in Radiology in 1990 which is our classic paper [3]. 

The development of spiral CT was made possible by the advances in comput¬ 
ing. Data no longer have to be taken away for analysis but can be reconstructed al¬ 
most instantaneously. In spiral CT, the X-ray source rotation and the patient table 
translation are made simultaneously and so the time for acquisition of the raw 
data is significantly reduced. Compared to conventional CT scanning, spiral CT 
scanning adds two parameters. These are the helical pitch and the reconstruction 
interval. The pitch can be defined as the ratio between the table increment and the 
detector collimation. The reconstruction interval is the longitudinal interval be¬ 
tween reconstructed adjacent slices. The principles of spiral CT have been well re¬ 
viewed by Vannier and Wang [4]. 

Willi Kalender has recently reviewed the use of spiral CT [5] and describes the 
amazing results that can be achieved by modern scanners. We now have improved 
spatial resolution with virtual endoscopy and faster scanning enabling complex 
dynamic studies. The most dramatic improvement was made because of the pro¬ 
vision of higher continuous X-ray power. Kalender finishes his article with the 
words: “Predictions are particularly difficult when they are concerned with the 
future.” In looking at the development of CT we have to agree with him. 
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Johann Radon (1887-1956) 


Johann Radon was born on December 16 th 1887 in Tetschen, Bohemia (now Decin 
in the Czech Republic). He attended school in Leitmeritz (now Litomerice) in 
Bohemia. In 1905 he entered the University of Vienna and studied mathematics 
and physics. Radon obtained his PhD in 1910 with a dissertation on the calculus of 
variations. 

In 1911 he lived in Goettingen in Germany for one year. Between 1912 and 1919 
Radon became assistant professor for mathematics at the Department for 
Mathematics at the Technische Hochschule Wien (Technical University Vienna, 
Austria). 

In 1919 Radon became assistant professor at the University of Hamburg and in 
1922 was appointed full professor of mathematics in Greifswald, Germany. In 1925 
he moved to the Friedrich-Alexander University in Erlangen and from 1928 to 
1945 he was at the University of Breslau. On 1 October 1946 Radon was appointed 
full Professor for Mathematics at the University of Vienna. He was appointed dean 
of the philosophical faculty in 1951 and rector of the University of Vienna in 1956. 

Johann Radon applied the calculus of variations to differential geometry, lead¬ 
ing to applications in number theory. In 1917 he published his fundamental work 
on the “Radon transform,” which mathematically transforms two-dimensional 
images with lines into a domain of possible line parameters, where each line in the 
image will give a peak positioned at the corresponding line parameters. This idea 
of reconstructing a function from a set of projections plays a large role in the de¬ 
velopment of computed tomography. 

In honor of the great mathematician, the Austrian Academy of Sciences inau¬ 
gurated the Johann Radon Institute for Computational and Applied Mathematics 
(RICAM) on the University Campus of the Johannes Kepler University Linz, 
Austria. 

Johann Radon died after a five-month illness on 25 May 1956. 
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SITZUNGr VOM 30. APRIL 1917. 

Uber die Bestimmung von Funktionen durch ihre 
Integralwerte langs gewisser Mannigfaltigkeiten. 

Von 

Johann Radon. 

Integriert man eine geeigneten Regularitatsbedingungen unter- 
worfene Funktion zweier Veriinderlichen x,y — eine JPunMfunJction 
f(P) in der Ebene — langs einer beliebigen Geraden g, so erbalfc 
man in den Integralwerten F(g) eine Geradenfunlction. Das in Ab- 
schnitt A vorliegender Abhandlung geloste Problem ist die Um- 
kehrung dieser linearen Funktion altr an sformati 0 n, d. h. es werden 
folgende Fragen beantwortet: kann jede, geeigneten Regularitats¬ 
bedingungen geniigende Geradenfunktion auf diese Weise entstanden 
gedacht werden? Wenn ja, ist dann f durch F eindeutig bestimmt 
uud wie kann es ermittelt werden? 

Im Abscbnitte B gelangt das dazu in gewisser Hiusicht duale 
Problem der Bestimmung einer Geradenfunktion F(jj) aus ibren 
Punktmittelwerten f(P) zur Losung. 

SchlieBlich werden im Abscbnitte 0 gewisse Verallgemeine- 
rungen kurz besprocben, zu denen insbesondere die Betracbtung 
nichteuklidischer Mannigfaltigkeiten sowie hoherer Raume An- 
lab gibt. 

Die Bebandlung dieser an sich interessanten Probleme ge- 
winnt ein erbobtes Interesse durcb die zahlreichen Beziebungen, die 
zwischen diesem Gegenstande and der Theorie des logaritbmischen 
und New ton schen Potentiates besteben, auf die an den beztiglichen 
Stellen zu verweisen sein wird. 
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A. Bestimmung einer Punktfunktion in der Ebene aus ibren 
geradlinigen Integralwerten. 

1 . Es sei f(x, y ) eine fur alle reellen Punkte P — [a:, y] er- 
kliirte reelle Funktion, die folgende Regularitatsbedingungen erfulle: 
a i) y) se i stetig. 

b t )- Es konvergiere das iiber die ganze Ebene zu erstreckende 
Doppelintegral /> r\f{x ,y)\ 

J J v* % -f a* x v ' 

e x ) Wird ffir einen beliebigen Punkt P— [x, y\ and jedes r^o 
Sw 

f p(/) = ~ n J f(x + r cos <p, y + r sin y)d<p 
0 

gesetzt, so gelte far jeden Punkt P: 

lim f p(r) = o. 

Dann gelten folgende Satze: 

Sate'I: Der geradlinige Integralwert von f fiir die Gerade g 
mit der Gleichung x cos go -j- y sin g> — p, der durck 

4" co 

(r) F(p, qf) = F (— p. <p + jf(jo cosgp — s sin w,p sin q> -J -s cos <p)ds 

— co 

gegeben ist. ist Y im attgemeinen“ vorhanden; das soli hdfien: auf 
jedem Kreise bilden die BeruhrungsptmMe jmer Tangenten, fur 
welche F nicht existiert, eine Menge vom linearen Mafie Full: 

Sals II: Bildet man dm Miltelwert von F(j>, <p) fur die Tan- 
gentm des Kreises mit dem Zentrum I — [x, y\ und dem Badius q: 

-lit 

(II) I p(ff) = j^J cos 9> + y siQ <P + 2 , 9>) d<P > 

0 


so Iconvergiert dieses Integral fiir alle P, q dbsolut, 

Sals III: Dm Wert von f ist dwelt F eindeutig bestiwimt imd 
l&fit sicJi folgendermafien berechnm: 


x 



Q 
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2 54 Johams EaDOJt : 

Dabei ist das Integral im Stieltjes scheii Sinne su versteiien 
uml Itann auch durch die Formel: 



defmiert wcrden. 

Indem wir zum Beweise schreiten, bemerken wir vorweg. daJi 
die Bedingungen a t — c 1 gegeniiber Bewegungen der Ebene in¬ 
variant sind. Wii* konnen also den Punkt [o, o] immer als Re- 
prasentanten irgendeines Punktes der Ebene betraehten. 

Man erkennt nun das Doppelintegral: 


(0 


SS\ 


/■(** y) 


+ f 


y x s ■ 


r — r 


dx dy 


als absolut konvergent. Yermoge der Transformation 

x = g cos cp — s-sin 93, y = q sin cp- -J- s cos cp 


eebt dasselbe uber in: 


SjT os 


}d<p j'f(q cos 9 — $ sin 9, q sin 9 + 5 cos q>)ds 

b b 

2 Tt 0 

=Jdq> j'f(g cos cp — s sin <30, g sin <p -f- s cos <p)ds 7 


0 —00 


so daB man seine a Wert anch durch 

% 7 Z +00 2 ti 

w fdtpj'fQl C0B 9 ~~ s sin 9, q sin <p -f- s cos <p) ds = F(q*(p^dip 

0 — 00 0 


ausdriicken kann. Nach bekannten Eigenschaften der absolut kon- 
vergeaten Doppelintegrale folgen hieraus die Bekauptungen der 
3 &tze I und II* 

Urn auf die Formel (III) zu kommen, kann man folgenden 
Weg einschlagen: Einfuhnmg von Polarkoordinaten in (i) liefert 


SO 2 7 Z 



fir cos 9^ r sin 9) 


d<p 
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BeSTIMMUNG VON FuNKTIOKEN BUBCH IHRE INTEGRAL WE I1TE. 

oder mit Hiife der Mittelwertsbezeichnung you c x : 


265 


J Vr- - 2 s 

Verglichen mit dem zuletzfc erhaltenen Werte Yon (1) resultiert: 

w 

>1 

Puhrt man in dieser Integralgleichung erster Art die Varia- 
blen r* = ein, so kann man sie leicht nach Art der be- 

kannten ABELsehen losen and erh alt die Porrael (III) fur 

?o(°) = f(°> °)- 

Bei dieser Ableitung erscheint es aber schwer, ohne weitere 
Bedingungen fur f auszukommen, daher geben wir einer direkten 
Yerifikation deD Vorzug. 

Zunaehst ist, um die Gleichbeit der Ausdrucke (III) und (III') 
zu zeigen, zu beweisen, daB: 

FA a) 

2 


Yerm 5 ge (2) ist 

lim 


: 



F 0 (q)\ < l \ 

j f 


2 1 = 2 

1 J V* 


= o. 


»(*) 


2 a 


1 + 


! i 


ff *( r ) rdi 

\ J Vr*-q 

\ 


dr 

! 


03 

£ z Vs | fo(t) | + ^ j*\ fo(r) | dr 




und dies konyergiert wegen b x und fur q 00 gegen Null, 

Die reehte Seite von (III 7 ) gebt nun durch Einfuhrung yon 
(2) iiber in: 

2 limU f lM dy-f: d ! f'M=dr 

* *->o! S J i/r*— s- J rj yr*-<? 

H s q 

Vertauscht man in dem zweiten Integral die Integrationsfolge, 
so kann man naeh q integrieren, erkennt dabei das Integral als 

Matb.-pliye. Xlasse 1917. E>d. LXXX. iB 
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Johann Badon: 


absolut konvergentes Doppelintegral, was die Vertauschung recht- 
fertigt, und findet fur obigen Ausdruek den Wert 



was tatsacblich f 0 (o) = f(o, o) liefert, wie unschwer zu zeigen ist. 

2, Es sei F(p, cp) = F( —js, 9 + it) eine Geradenfunktion. 
die folgende Begularitatsbedingungen erfullt: 

a g) F «nd die Ableitungen F p , F pp , F ppp , F^ F p(p , F ppip 
seien fiir alle (jj, 9] stetig. 

b 2 ) F, F 9 , pF p , pF p(p und pF pp konvergieren fur p + 00 
gleichmaBig in 9 gegen Null. 
c 2 ) Die Integraie: 

00 CO GO 

S F pp l VdV, fF ppp plpdp, JF pp(f plpdp 

00 0 


konvergieren absolut und gleichmaBig in 9. 

Dann konnen wir beweisen: 

Satz IV: Bildet man nach (III) bsw. (Ill') f(P), so erfullt 
dieses die Bedingungen a 1 , , c x und liefert als geradlinige Integral - 
werte das vorgelegte F(p , 9). Infolge Satz III ist es die eimige 
derartige Funktion. 

Fuliren wir in (HI) Polarkoordinaten ein, so ergibt sieh: 

£ 7t 

f($ cos ty, Q sin ip) = — ^ J ^ J F p (q COSO +i>, to + 

0 0 


00 z 71 

"S jlpdpj F pp (p + q cos w, GJ -f- ty)du. 


Es ist namlich: 


2t£ 


2 n 


S F & cos (a -j - p, 03 + ty)dm =J cos qj s o + ty)dco 
0 0 

% it p 

+ jdcoj F pp (q cosw -f g> + ifi)dt 


und der erste Bestandteil ist wegen F(p, 9) = F(—~ p, 9 + «) 
gleich Null. Leshalb konvergiert das Produkt des Integrals mit Ip 
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fur p o gegen Null. Auf Grand derselben Eigenschaft von F 
folgt weiter: „ 

(3) /'(pcos^, = ~ Jdco J F pp (p, a 4- ip) l \ p — peoso| dp. 

0 -“60 

Es geniigt nun, wenn wir zeigen: 


( 4 ) 


+ *> 

/ fit, o)i* - F{ o, -J) , 


da die Bedingungen —c 2 gegeniiber Bewegungen invariant sind. 

Wir setzen: , 

<f>) = F [P> y) + cos • G-(P, <p). 

G geniigt leieht angebbaren Regularitatsbedingungen. Es zer- 
fallt nun dieser Zerlegung zufolge /"((t, o) in zwei Bestandteile 
/j($) und die getrennt zu untersuchen sind. Wegen: 


j* l ] jp — q cos a j dca = 




Ttl 


1 1H- Vjp 2 — © a 


ie 1 


. \P\>\*\ 

, \P\<\*\ 


71 +00 


ergibt sicb: 

fi(s) = F pp{ p ’ t) 1 1 * “ p 608 ® I d P 


U — CO 


Ipl 


lei 


Dies ist nun nach ^ von — oo bis + oo absolut integrabel, 
wie durch Vertauschung der Integrationsfolge ersichtlich wird. 


Als Wert des Integrates erhalt man: 


+ 00 +00 -fjp| 

— oo —CO ■— | P | 


— 00 
+ 00 


= if F p?fa t) \p I *p = ^(°> t) 













1.1 Uber die Bestimmung von Funktionen durch ihre Integralwerte 


13 


268 


Johann Radon: 


Was nun f t ($) anbelangt, so werden wir zeigen, daB es eben- 
falls absolut integrabel ist und von — 00 bis + 00 integriei-t Null 
ergibt. 

Wir konnen niimlieh f$(g) folgendermaBen scbreiben: 



0 —« 

71 -I- 00 



da die hinzugefiigten GUeder integriert Null ergeben, und in dieser 
Gestalt fuhrt die Integration nach 9 auf ein absolut konyergentes 
dreifacbes Integral. Es ist niimlieh: 






mit 



Die Integration nach $ liefert als Wert des Integrates: 

+ CM 



womit (4) bewiesen ist 

Wir haben nooh zu seigen ; daB f den Forderungen a x —% 
geniigt. 

Die Stetigkeit folgt aus der Darstellung (3) wegen der Vor- 
aussetzungen —c 2 . Eorderung b x ist gleichfalls erfullt, denn 



ist, wie man leicht siebt, nach il> integrierbar. 
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BeSTTSTMUNG VON FuKEITIONEN DUItCH 1HKE InTEGRALTVERTE. 

Um nock c x nachzuweisen, bilden wir: 


2 n 


fo (?) = *„,f fa cos ^ 9 sin ^ d(f 

0 

%n +cc 

= i^'S da ,S' F pp( pi — ?cos<»| dp 


0 0 

%it t~ — 1 p! 


* r 1 

,W<M *)«- 

0 ' -00 


±M- 9 : dp 


+ 

I? I 


- 1 ^ 14 - Vp 2 — r 


f F rr (P, *) * l " 1 ' V -- <i*> 
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woraus man die Riehtigkeit von erkennt. Damit ist Satz IV 
bewiesen. 


B. Bestimmung einer Geradeufunktion aus ihren 
Punktmittelwerten. 

3. F(p, go) = F(—p, q> + Tt) sei eine Geradeufunktion, die 
folgende Regnlaritatsbedingungen erfiille: 

%) F, F (p , F p seien stetig, | F ? | < M fur alle p, go. 
b 3 ) F p 4 j p j konvergiere fur p do gleicbmaBig in gp gegen Null 

+ °° 

*%) f\ F P \ - l\p \ dp konvergiere gleichmaBig in <p. 

— 00 


Diese Bedingungen sind wieder gegenuber Bewegungen in- 
variant, 

Wir bilden den Punktmittelwert von F(jp } gp) fiir P ■-= {x, y]z 


71 


(5) f{ x , y) = F ( x cos 9 + y sia go, go) d go. 


2 
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Johann Radon: 


Dann gilt: 

j Sate Y: Durch Angabe von f ist F eindmtig bestimmt und 


gwar ist: 


-t-QO 




wo das Integral nach x als Caucbt scher Hauptwert zu deuten ist 
und der Wert von F fiir irgendeine andere Gerade aus der ange- 
sc'hriebenen Formel durch eine entspreckende Bewegung abgeleitet 
werden Icann. 

Zum Beweise leiten wir aus (5) 2unachst ab: 



wo A, B zwei positive Konstante sind. 

Wir setzen nun, wie sehon friiher analog geschehen ist: 

F(p, q>) = F(p, o) + sin 9 G (ja, g>)» 
wobei Gr(_p, 9) im Integrationsgebiete beschrankt bleibt und fur 


p —> 00 den Grenzwert Null erhalt, Aus: 


B 



-A 

= [£r(# cos 9 + B sin 9, 9) — Gr(x cos 9 — A sin 9, 9)] cos 9 
folgt, daB der zweite Bestandteil von (6) fiir A —> 00 7 B —> co 


den Grenzwert Null erhalt, so daB nur der erste su untersuchen 
bleibt, Durch die analogs Integration erkennt man, daB in diesem 
ersten Bestandteil das Integral nach 9 iiber jedes 9 — o nickt ent- 
haltende Interval! fiir A —> 00, B —> c x> ebenfalls Null wird; es 
bleibt also zu betrachten: 
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Man kann dieses Integral scbreiben: 

+ € a; cos rp 4-i? simp 


iS' d<p J Fp ^ p ’ °) etg 9 dp 


— £ x cos (p “ A sin £ 

nnd erhalt daraus, werm A und B gentigend groB angenommen 
werden, durch Vertausehung der Integrationsfolge nach einiger 


Rechmmg den Wert: 

arcoss T 5sins 


ip i 


(B* -f- x a ) sin s 


\Bp — «)/£* + «* — p* | 
x cos £ — ‘H sin £ 


F p(P, °) d P 


xcos5 + jlsinf 

4 - 

#cob£ — jisins 


x coss4 


(j 4 s + a;*) sin s , x 

Ml? —«l/J.* + a:* —p § | ^ P ’ 


Bs geniigt, den Grenzwert des zweiten Integrales fur A —> oo zu 
ermitteln. Wir scbreiben es so: 

1 {A sin e) [jP(a3 cos s + A sin s, o) — F(x cos 5 — A sin e, o)] 

xcoSf + Asin* 

+ i/ l T¥=x \ 


,T?coS£ +J.sine 

4 - 

I 

x cob £ — A sin £ 

^ cos £4- JS1Q£ 




x cos £ — A sin £ 


Da der Logarithmus in dem letzten Integral fur A —> 00 
gleichmafiig gegen Null geht, so folgt als Grenzwert: 

+ OJ 

- FpiPi °)*\P — * I *Pj 
womit der Grenzwert von (6) erhalten wird: 

4-ao +» 

f fjx, V) dy — — o) ? b - * J dp. 

— oo — co 

Es mag Her bemerkt werden, daS letzterer Ausdruck die 
Xfcandwerte des Imaginarteils einer in der oberen Halbebene regu- 
laren analytischen Eunktion darstellt, fur welcke die Eandwerte 
4 es Realteiles den Wert 2 F(x f o) liaben. 
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J OHAHN Rabqk: 


Bilden wir jetzt im Sinne der Formel (V); 



so ist dieses Doppelintegral absolut konvei'gent und fiibrt wegen 


CG 



U 


genau zur Eormel (V). 

4. Es sei nun f eine Punktfunktion mit folgenden Eegulaii- 
tatseigenschaften: 

a 4 ) f sei mit semen Ableitungen bis zur zweiten Ordnung 
einscblieBlich stetig. 

b 4 ) Die Ausdriicke, 


f(x, y), Yx 2 + y 2 1(% 2 + y 2 )f x (x, y ), V% s + y) 


baben fur x 3 -j- y l —> oq den Grenzwert Null. 


c 4 ) Die Integrate 



wo D t f jede erste> D 2 f jede zweite Ableitung yon f bedeutet, kon- 
vergieren absolut. 

Diese Bedingungen sind wieder gegeniiber Bewegungen in¬ 
variant. 

Dann gilt: 

SaU VI: Die aus f nach (F) geMldete GeradenfimJction besitzt 
die Punlctmittelwerte f(x } y ). 

Es gentigtj den Beweis fiir den Nullpunkt zu erbringen. Fur 
eine beliebige Gerade durch diesen ergibt (V) naeh einer partiellen 
Integration: 


+ 00 do 



+ f yy sin 2 cp]l | x cos <p + y sin (p ! dxdy 
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oder nach Einfuhrung von Polarkoordinaten o, if r. 


OD 2 7t 

F(o, qp) = ± J\>d$J cos 2 (qp — y) 


+ 2 

+ 


0 0 

d'f sin(qp- 


■ ij)) cos (qp ■ 


dgdty 

df sin* (qp — ^j) 


■ ty) , d'f sin 2 (qp — if;) 
' 3 p* 


— 2 


dg g 
3 f sin (qp 
dtp 


ib) cos (qp — 1/)) 




-J l { o COS (qp — Ifj) | dip. 


TJm den Punktmittelwert fur [o, o] zu bilden, kann man die 
Integration nach qp unter dem Doppelintegral von o bis 2 jf aus- 
f'ubren und bat dann noeh durcb 2« za dividieren. Das Glied mit 

d'f 

das dabei zum Vorschein kommt, fallt vermoge Integration 
nach ip weg und es bleibt: 

i./W in* U‘~t)+ 

D 0 

was sicb in der Tat anf f(o , o) reduziert. 

Um die eindeutige Bestimmtheit von F zu zeigen, wilren die 
Bedingungen a 3 —c 3 als erfullt nacbzuweisen, was offenbar noch 
weitere Voraussetzungen fiber f notig macht, 

5. Es moge hier folgende Bemerknng Platz finden, die ich, 
wie fiberbaupt die Problemstellmig B y Herrn W. Blaschke ver- 
danker Die beiden bier behandelten Aufgaben steben in engem Zu- 
sammenhange mit der Theorie des IsTEWTOKSoben Potentials* Be- 
tracbten wir namlicb den Dbergang von einer Punktfunktion f zu 
ibren geradlinigen Mittelwerten F als eine lineare Funktional- 
transformation 

F = Mf , 

und ebenso den tJbergang von einer Geradenfunktion F zu ibren 

Punktmittelwerten v: ^ „ 

v = BT<\ 

so liegt es nahe, die zusammengesetzte, durcb 
v = Hf=B[Bf] = BBf 
definierte Transformation H *= Bit zu betracbten* 
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Man sieht nun sofort, daB Hf nichts anderes ist, als das 
Newton sche Potential der mit der Massendichte —/’belegten Ebene 

It 

in den Punkten der Ebene selbst. Daraus kann man naeh einer 
Bemerkung von Gr. Herglotz die Umkehrung der Transformation 
H gewinnen; es ergibt sich dabei: 


f(F) = E~ l v 


00 


1 f dv P^ 

2 J r 
0 


-J- 00 +00 


4 71 J J r p y 


dxdy , 


wo v p eine zu den friiher eingefuhrten analoge Mittelwertsbezeich- 
nung ist und A den Laplace schen Operator bed out eh 

Nun liegt der Gedanke nahe, die in I.—3. direkt geleitete 
Umkehrung von It und H durch den Ansatz 

It - 1 — H-'B bzw. B- 1 = EH - 1 


zn leisten. Tatsachlich babe ieh die Umkehrungsformel (IV) zuerst 
auf diesem Wege gefunden, aber eine strenge Durchfuhrung dieses 
Gedankens seheint schwieriger zu sein als die direkte Verifikation 
und versagt auch in deu gleich zu besprecbenden niehteuklidi schen 
Fallen. 

SchlieBlich sei bemerkt, daB die in A und B zugrunde ge- 
legten Regularitatsbedingungen selbstredend bei weitem nicht die 
allgemeinsten sind, wie sich an einfachen Beispielen zeigen hiBt. 


C. Verallgemeinerungen, 

6. Eine weitgehende Yerallgemeinerung des in A behandelten 
Problems lieBe sich etwa folgendermaBen formulieren: es sei eine 
Elache 8 gegeben, auf der irgendwie ein Bogendifferential ds de- 
finiert sei, ferner eine zweifach unendliche Schar von Kurven C 
auf S, Es soil eine Punktfunktion der Elache aus ihren Integral- 
werten ffds liings der Kurven G bestimmt werden. 

Die nachstliegende Spezialisierung erhalt man, wenn man fur 
S eine nichteukiidisehe Ebene, fur ds das zugehorige Bogenelement 
und fiir die Kurven C die Geraden nimmt. Im elliptischen Ealle 
kann man die Aufgabe auf die Kugelgeometrie hmiiberspielen^ 
indem man in bekannter Weise ein diametrales Punktepaar der 
Kugel als Funkt der elliptischen Ebene deutet, erhalt man die 
Aufgabe, eine gerade — d. h. in diametralen Punkten gleich- 
wertige — Eunktion auf der Kugel aus ihren GroBkreisintegralen 
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zu bestimmen. Minkowski hat diese Aufgabe im Prinzip zuerst 
bebandelt 1 ) und durch Entwicklung naeh Kugelfunktionen gelost; 
P. Funk hat spater die MiNKOWSKische Losung durchgefuhrt und 
gezeigt, wie man die Losung mit Hilfe der AuELSchen Integral- 
gleiehung finden kann 3 ) und dieser Methode verdanke aueh ich die 
Losung des Problems A. Die FuNKsehe Losung ist ganz analog 
zu (III), nur tritt in den Nenner der Sinus des spharischen Radius 
und additiv zu dem Integral der Wert von F im Pole des betreffen- 
den GioBkreises dividiert durch %. Aber auch in der hyperbolischen 
Ebene hat die gestellte Aufgabe die *zu (HE) analoge Losung: 



dFp(q) 
©in 2 


(es ist hier das KrummungsmaJB = — I angenommen), wie sich ganz 
konform zu der in i. angedeuteten Ableitung von (III) zeigen lafit. 

In beiden Fallen kann man auch die zu B. analoge Frage 
stellen. In der elliptischen Geometrie erh&lt man vermoge der ab- 
soluten Po'laritSt nichts Neues, im hyperbolischen Falle scheint eine 
zu (V) analoge Losung nicht zu existieren, 

Eine zweite Spezialisierung ergibt sich, wenn man (in der eukli- 
dischen oder nichteuklidischen Geometrie) als Kurven C die Kreise 
mit konstantem Radius mmmt. Hier kann man auf der Kugel die 
MiNKOwsosche Behandlung mit Kugelfunktionen anwenden und die 
Aufgabe in gewissem Grade losen. Interessant ist in diesem Falle, 
daB die Eindeutigkeit der Losung verloren gehcn kann; es gibt 
namlich fur gewisse, durch die Nullstellen der Legendre schen 
Polynome gerader Ordnung definierte Radien o gerade Funktionen 
auf der Kugel, die langs jedes Kreises vom spharischen Radius p 
integriert, Hull ergeben, ohne identisch zu verschwinden. Im eukli- 
dischen Falle tritt an Stelle der Kugelfuuktionenreihen das Inte- 
graltheorem der Besselfunktionen; bier gibt es stets Funktionen, 
die uber alle Kreise von festem Radius integriert, Null geben und 
doch nicht identisch verschwinden; ist der Radius i, so sind es 
(in Polarkoordinaten q, cp) die Funktionen 

J n (x v q) cos ny, J„ {x v q) sin n<p, 

und ihre Linearkornbinationenj wo x v eine Nullstelle von J 0 ist. 
Im hyperbolischen Falle treten an Stelle der Besselfunktionen die 


1) Ges. Abb., Bd. II, S. 27 ?{. 


2) Math. Ann., Bd* 74, S. 283—288. 
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sogenannten Kegel funktionen, fur die das zugehorige Integraltheorem 
von Wisyl 1 ) bewiesen ist. Die Brgebnisse sind analog zum eukli- 
disclien Falle. 

7. In anderer Rich-tang verallgemeinern sich die Ergebnisse 
von A und JB beim Ubergang zu hoheren Raumen. In einem 
euklidischen M n kann man eine Punktfunktion f(P)=f(x li x 2 , ... O 
aus ibren Integralwerten F(cc t . .. «„,£>) iiber alle Hjperebenen 
a t x x + • ■ ’ 4 * a n x n = P («! + *■• + = 0 zu bestimmen track- 

ten. Analog zu dem in I. eingehaltenen Vorgang bilden wir den 
Mittelwert F 0 (q) von F fiber die Tangentialebenen der Kugel vom 
Zentrum [o, o . . . o] und Radius q. Er ist durch das n — 1 fache 
Integral: 



n 

2 


2 It 


gegeben, wo do> das Oberflachenelement, Sl n = 


die Ober- 



fiache der M-dimensionalen Kugel + •••'+«* = 1 bedeutet. 

Man kann F 0 durch ein w-faches Integral fiber f darstellen 
und zwar ergibt- sich: 




(7) 


dx t ...dx 


n 


(*! + •■■ + *£) 2 


oder in einer nun schon oft verwendeten Mittelwertsbezeichnung: 



Dies ist die zu (1) analoge Formel, an die sich entsprechende 


Folgerungen anschlieBen. Die Substitution r 2 = v, q 2 — u fuhrt 
auf die Integralgleichung: 



1) Gott Nachr* 1910, S. 454- 
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1 st n gerade, so ergibt — r^-maliges Differentiieren nach 
u dieselbe Gleiehung wie (2) und man kann bierans 

1 jp(o)=/-('o, o,... o) 

finden, wozu also bei gegebenem F die Bildung von F, Differen- 
tiationen und eine Integraloperation notig sind. Bei ungcradem n 

fSUt diese Integraloperation weg, denn jetzt ergibt —-^-maliges 
Differentiieren: M _i 

H-d* J 2 ?), 


v(°) - 




(o). 


Besonders einfaeb gestaltet sich der dreidimensionale Pall; 
diesen kann man aber aucb nach einer Methode bebandeln, die zu 
5- analog ist und sehr elegante Ergebnisse liefert. Aus (7) geht 
namlieh fur q — o der Punktmittelwert von F hervor: 



/■(«, V, *) 


Yx s + y* -j- r* 


_• dxdydz , 


der als das NEWTONSche Potential des rait der Massendichte —f 
belegten Raumes anzuspreehen ist. Also folgt: 


f(x,9>z) = — ^JF, 


wo F den Punktmittelwert von F bedeutet. 

Hier kann man aucb die zu B, analoge Aufgabe losen und 
bndet nach der in 5. angedeuteten Methode fur eine Ebenen- 
funktion F , deren Punktmittelwerte f bekannt sind: 


wo dfi das Plachenelement der Ebene E ist- A ist der Laplace* 
sebe Operator fiir den dreidimensionalen Raum T die Integration uber 
die ganze Ebene E zu erstrecken. 


Dnaekfe-rfig erklart i* X. 1917*] 
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Allan MacLeod Cormack (1924-1998) 


Allan Cormack was born in Johannesburg, South Africa in February 1924. 
Cormack matriculated from Rondebosch Boys High School in 1941. He graduated 
in physics from the University of Cape Town in 1944. His master’s thesis, which he 
completed in 1945, was on X-ray crystallography. He then went to St. John’s 
College, Cambridge in the UK as a research student. He worked at the Cavendish 
Laboratory under Otto Frisch. Cormack then returned to Cape Town to continue 
his researches into nuclear physics. 

In 1956 Cormack worked at Groote Schuur Hospital with the radiotherapist Dr. 
J. Muir Grieve. He became interested in the absorption of radiation in the body 
and his interest in the basis of what became computed tomography was kindled. 
He took a sabbatical from his post in South Africa in 1958 and worked on the 
Harvard University cyclotron. Cormack was offered a position as assistant profes¬ 
sor in the department of physics in Tufts University, Massachusetts, USA, which he 
accepted. Cormack moved to the USA and became a US citizen in 1966. Cormack 
continued to work on CT and by 1963 he had developed his ideas which were pub¬ 
lished in the “Journal of Applied Physics ”. The papers are the basis of axial tomog¬ 
raphy. Cormack had tested his ideas using phantoms. When his papers appeared 
there was little response. He was chairman of the physics department at Tufts 
University from 1968 to 1976. He remained interested in nuclear physics and the 
interaction of subatomic particles. 

Allan Cormack retired in 1980. He was a member of the American Academy of 
Arts and Sciences. He was awarded the Nobel Prize for Physiology or Medicine 
jointly with Godfrey Hounsfield in 1979. He died in Winchester, Massachusetts on 
7 May 1998. 
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Representation of a Function by Its Line Integrals, with Some 
Radiological Applications 
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A method is given of finding a real function in a finite region of a plane given its line integrals along ail 
straight lines intersecting the region. The solution found is applicable to three problems of interest for pre¬ 
cise radiology and radiotherapy: (1) the determination of a variable x-ray absorption coefficient in two 
dimensions; (2) the determination of the distribution of positron annihilations when there is an inhomo¬ 
geneous distribution of the positron emitter in matter; and (3) the determination of a variable density of 
matter with constant chemical composition, using the energy loss of charged particles in the matter. 


I. INTRODUCTION 

T HE exponential absorption of a parallel beam of 
x or gamma rays passing through homogeneous 
materials has been known and used quantitatively for a 
long time, but the problem of the quantitative determi¬ 
nation of the variable absorption coefficient in inhomo¬ 
geneous media has received little or no attention. To be 
sure, all radiography depends on the variation of the 
absorption coefficient of a medium in space, but the 
correct interpretation of radiographs depends on the 
art of the radiographer rather than on measurements. 

While the problem of determining such variable 
absorption coefficients is interesting in itself, it also has 
an important application in any attempt at precise 
radiotherapy. The object of the radiotherapist is to 
direct an external beam, or beams, of x rays at a patient 
in such a way that a particular region of the patients 
interior receives a known dose of radiation, while other 
parts of the patient receive as small a dose as possible. 
It is clearly necessary to know the absorption coeffi¬ 
cients of the patient’s various kinds of bone and tissue 
in order to make a precise estimate of the dosage re¬ 
ceived at any point of his interior, and it is equally clear 
that such information may only be obtained from 
measurements made exterior to the patient. 

It is sufficient to consider the problem in two dimen¬ 
sions, since, if a solution can be found for two dimen¬ 
sions, the three-dimensional case may be solved by 
considering it to be a succession of two-dimensional 
layers. 

The problem may be quantitatively formulated as 
follows. Let D be a finite, two-dimensional domain in 
which there is absorbing material characterized by a 
linear absorption coefficient g which varies from point 
to point in D and is zero outside D. Although g^O, 
it is convenient to allow it to be negative for purposes 
of discussion. Suppose a parallel, indefinitely thin beam 
of monoenergetic gamma rays traverses D along a 
straight line L } and that the intensity of the beam 
incident on D is /o, and the intensity of the beam emerg¬ 
ing from D is /. Then 


where the L under the integral indicates that the 
integral is to be evaluated along all of L in D, and i' 
is a measure of distance along t. If Jl —In (/a//), then 



The problem is to find g, knowing the line integrals //, 
for a number of lines L which intersect D. 

One might think that a suitable way of finding g 
(suggested by taking two radiographs in directions at 
right angles to each other) would be by measuring f L 
along two sets of parallel lines at right angles to each 
other. That this will not do may be seen as follows. 
Suppose that D is a square, and that this square is sub¬ 
divided into n 2 equal smaller squares. Suppose also 
that the directions along which the line integrals are 
evaluated are parallel to the sides of the square. If in 
each small square, g assumes its average value in that 
square, then the line integrals in Eq. ( 2 ) may be ap¬ 
proximated by the sums of the average values of g in the 
rows and columns of smaller squares. This procedure 
yields 2 n values oifh, and Eq. ( 2 ) reduces to a set of 2 n 
equations in the n 2 average values of g in the small 
squares. Furthermore, the sum of the n values of /l 
parallel to a side must be equal to the sum of the n 
values parallel to a side at right angles, hence, only 
2 ra —1 of the equations are independent. The problem 
is thus indeterminate except for the trivial case n= 1. 
This indetermi nancy is illustrated in the case ft = 2 , 
which yields three independent equations in four 
unknow T ns. Consider a square to be subdivided into 
four equal smaller squares, and suppose g— — I in two 
diagonally opposite squares, and g= 1 in the other two. 
Then the line integrals (in the exact sense) along all 
lines parallel to the sides are zero, and furthermore, 
they are unaffected by the interchange of the above 
values of g, even though g^ 0, 

One is naturally led to consider measuring ji along 
lines parallel to a larger number of different directions. 
Here again one can construct examples in which the /z, 
are zero along all lines parallel to a number of directions 
even though g?^ 0 . For example, consider g to be con¬ 
fined to a circle, and let it have the value A cosft# in 


/ — /<, exp 


[-//**} 


(i) 

2722 
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the circle, where n> 0 . Then the line integrals of g are 
zero along all lines perpendicular to the directions 
8~ ( 2 w+l)ir/ 2 n, where m-Q } 1, 2 - In — 1 . How¬ 
ever, the Jl is not zero along lines other than those 
specified. 

These considerations suggest that if a solution to the 
problem can be found at all, it must be sought by con¬ 
sidering fi along all lines intersecting D and then 
seeing whether an approximate solution may be found 
by considering only a finite number of lines, so that the 
problem may be tractable in practice. The following 
problem is thus considered. An unknown, suitably 
restricted, real function g exists in a finite two-dimen¬ 
sional domain D and is zero outside D , and the line 
integrals of g along all straight lines intersecting D are 
known. Is it possible to determine g ? One would think 
that this problem would be a standard part of the 
nineteenth century mathematical repertoire, but the 
author has found no reference to it in standard works. 

The same mathematical problem occurs in two other 
radiological procedures. In the first, 1 to locate tumors in 
say the head, the patient is given Cu M or some other 
positron emitter. This tends to concentrate in abnormal 
tissue in the brain but unfortunately it also tends to 
concentrate in the muscles of the face and neck. The 
positrons annihilate and pairs of annihilation photons 
are emitted in very nearly opposite directions, the very 
small deviations from coiinearity being caused by the 
momentum distributions of the electrons and positrons 
which annihilate. The annihilation photons are ob¬ 
served by two counters in coincidence, located on 
opposite sides of the head. The coincidence rate is 
determined by the distribution of the rate of annihila¬ 
tion along the line joining the counters, and by the 
absorption of annihilation radiation along that line. 
The latter factor can be found by measurements made 
external to the head. It can be shown that if g is the 
rate at which annihilations occur along the line L 
joining the counters, and if /l is the observed coinci¬ 
dence rate corrected for absorption, f L and g are related 
by Eq. ( 2 ). 

The next application of the solution of Eq. ( 2 ) con¬ 
cerns the recent use of the peak in the Bragg curve for 
the ionization caused by protons, to produce small 
regions of high ionization in tissue. 2 The radiotherapist 
is confronted with the problem of determining the 
energy of the incident protons necessary to produce the 
high ionization at just the right place, and this requires 
knowing the variable specific ionization of the tissue 
through which the protons must pass. This problem is 
very complicated, for the rate of energy loss of protons 
depends on both their energy and the chemical com¬ 
position of the material in which they are slowing down. 


1 F. W, Wrenn, M. L, Good, and P. Handler, Science 113, 525 
(1951) ■ G. L. Brownell and W, H. Sweet, Nucleonics 11,40 (1953). 

R- Wilson, Radiology 47, 487 (1946); B. Larsaon, L. 
Leksell, B. Rexed, P. Saurander, W. Mair, and B* Andersson, 
Nature 1S2, 1222 (1958). 


However, the problem is the same as the one considered 
for x rays, if one can assume that the tissue varies in 
density but not in chemical composition. In this case, 
if a fine beam of protons passes along L , and their 
energies incident on, and emergent from, D are k^o^vn, 
the number of g/cm a of material along L can be found 
from the range-energy relation for the material. This 
can be represented by /z, and the relation between ft, 
and the local density, g , is again given by Eq. ( 2 ). 
The applicability to this case of the results given below 
seems more difficult than in the above two cases. For 
one thing, bone and tissue have variable chemical 
composition so the procedure could be at best approxi¬ 
mate, and for another, the difference between the ener¬ 
gies of the incident and emergent protons is difficult 
to measure accurately because of the finite spread in 
energy of any incident beam and because of straggling. 


2. FORMULATION OF THE PROBLEM AS A 
SET OF INTEGRAL EQUATIONS 

It is sufficient to consider the domain of g to be a 
circle of radius J?. For one thing, any finite domain may 
be contained in a cirde, and, as is later seen, the cirde 
has a special significance for the method by which the 
solution is obtained. For simplicity the circle is taken 
to have unit radius. The origin of polar coordinates 
(rfi) may be taken to be at the center of the cirde and 
we may write g=g(r ) $). The line L along which g is to 
be meg rated may be defined by the parameters (p t <f>), 
where p is the perpendicular distance from the origin 
to the line T, and 4 > is the angle which the normal to L 
makes with the $—0 axis, and/z may be considered to 
be a function of the polar coordinates (£,#). The unique 
property of the circular domain is now apparent: in 
the (p f 4 >) plane, the domain of / is the same as the 
domain of g, namely a circle of unit radius. Equation ( 2 ) 
may now be written 




g(r,8)ds. 


( 3 ) 


Equation ( 3 ) is an integral equation in two variables, 
but It may be reduced to a set of integral equations in 
one variable as follows. Suppose that g is finite, single¬ 
valued and continuous, except along a finite number of 
arcs in the circle, then it may be expanded in a Fourier 
series: 


where 





l f 2 * 
2tt Jo 


( 4 ) 

( 5 ) 


Consider the contribution dj tof(p, 4 >) from two equal 
elements of arc ds of the line Z (/>,<£). If the elements 
of arc are on opposite sides of the point (p$) and 
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are equally placed from it, then 

f ')K 

since if imr element is at the point (r,0) the other must 
be at (/\ 2$ — 6), Thus 

'If- 2 Y. Z« (rV"* cok£jH0-<£)]. 

n 

Then si nee j= —/►-) ^ and $ — p — vos" l (p/r) t 


situations! but others are of greater importance since 
they bear on the uniqueness of the solution of the 
problem, 

(a) if g H {r) is bounded and piecewise continuous, 
}n(p) is bounded ami continuous. 

(b) /„(/>) is uniquely determined hv g n (r) through 
Kip (W). 

Suppose that there were two different functions 
£, r i(r) and g*;(r) which both gave rise to the same f n (p)* 
Then their difference C«(r) would satisfy 


f* g*(r) COs[ll COS l (/V>) 3 ff/r 

fip^Y,^*! --—- ( 6 ) 

(r-W 


f 1 C n (r)TAp/r)rdr 


(ID 


Now fipjp} is a function of polar coordinates ( p,4>) in 
the unit urck\ so it may be expanded in a Courier 
series: 


■iK 



17) 

1 ft' 

Lip)=— / f{p,<t>)c-'*il<t>. 

2tt J ii 

(S) 


Comparing Kqs, (6) and {7) it is seen that the problem 
separates, and its solution depends on the solution of 
the set of one-dimensional integral equations; 

/ _1 /Mr) vusTh cos 1 (/? r) \rdr 

- .. (ff) 

n (r- — />-)! 

cos(n cos hv) is a polynomial of degree h in x known 
as the TschebychefT polynomial of the first kind. 
It is denoted by T^fr), and Eq* (9) is written 


f. 



Z,Xr}l\(p-'r)rt!r 

(r—f) 1 


m 


heeauvi- in the solution of tins equation, 7\ (a) is used 
for .v> l for which the cosine representation Is in- 
convenient. 

Some pro|H rties of the 7V(x) are given below. A com¬ 
plete account of them can be found in Trieonii. 3 (i) 
1. (iil T„{x) has n distinct zeros, say fi t x 2 , 
x n , w h i c h sa l isfy t he i n ei \ xm lit v — I < Xi < Xs, * ■ ■ ? 
< x H < 1, where x m — cos (ir f 2 it ). (i i i) ' [' he T n (nr) a re 
orthogonal in (—1, 1) with weight function (1 
<iv) 7 '.(-jt)-(-1)T,W. 


3, SOME PROPERTIES OF THE /,.</>! 

The restrictions placed on £t>,0) and hence on the 
£„(rh imply restrictions on the behavior of the/*(/>). 
Some of these arc interesting in that they enable one to 
anticipate the behavior of the / h (p) in experimental 


J I’’. (?. Trii^mi, Ytnltrunsrti l her f)rtftr^>titf Krifnn (Springsr- 
Verlaji, Berlin, 1*155), 


By properties (i) and (ii) above, 7 l „(x)^0 for 
C onsider Kip (11) for p^x«* Then .v n ^A^ so 

T n (pfr}^U and the integrand is positive apart from 
<7*(r). ffence, the only continuous solution of Eq, (11) 
in 1 is C7„(r)»0. T ims it is only necessary to 

consider 


f‘*G n {r)T n ( p/r)rdr 


( 12 ) 


Now let .v,r ^ p ^ .v„. Then x 4 ^ (p/x m ) ^ ( p/r ) ^ 1. Hence 
again 7\(p ,r r)^0 for x,?^p^x tl , and Eq, (12) only has 
the solution ff«(r)"0 for xf^r^x*. Repetition of this 
process m limes shows that the only solution of Eq. (11) 
in 1 is = Lei m —then ,t b *~K) since 

.v*<l. Hence the only solution of Kq. (11) is G n (r)«0 
in 0<r$1, and the /„(£) are uniquely determined by 
llu. a .£ <l (r} except at p = 0. 

(c) I/,(A)I ^2MA^-p-) s for x n ^p^\ t where M n is 
some positive constant. 

U was proved above that T n (pfr)^ 0 if 
It is also decreasing in this range. Then, since g„(r) is 
bounded, |£„(r)| ^ M n where At n is sonic positive 
constant, so 

r l rtlr 

l/.0)UiAl.r,(l) / -- 


In particiilar.(i) = tk 

(d) h ,,. (0) = 0. (t» - (-1 i&tr. 

Consider f((\<p) for g(rfi) ™£ h (r) cosn&* or g„(r) sim;(? 
and the result can be seen from the svinmetry of the 
problem. 

’ (cV/tO^-ytO^+r). 

This result must hold since nowhere in the formula* 
lion of the problem has a positive direction for the 
evaluation of the line integral been assigned. The 
formal demonstration is: 


m *+»!-£ A(»)(- i)v^=5:/„(0) c ^=y(0>x 


since/ 2 *., ,{11) = 0., 

(0 funip) and fi n -n(p) each change sign at least n 
limes in 0< p< L 
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4. SOLUTION OF THE EQUATIONS 

Multiply both sides of Eq. (10) by T„(p/z)(z/p) 
X(/>-—s 2 )~*, integrate from p-z to ^=1 and inter¬ 
change’the order of integration on the right hand side: 


Multiply both sides of Eq. (10) by />' and integrate 
from p-0 io p~ \ : 

l ' r x i A gAr)l\(p r)n(r 

/ f,(p)p h 'lp~> / p'<!p / .; 

J .. (r- b ' 


/•' , f r p l TAp r)<1p 

-2 j g*(r)n/r J 

r 1 r'l k r n (t)<H 

-2 / g«(r)r* + V/r / --- 

Jn ./« (l — f 2 )* 

If » is even (odd), 7\,(.v) is orthogonal in (0,1) to any 
even (odd) polynomial of degree less than n because 
of the orthogonality of the 7\,(.r) in (—1, 1) and be¬ 
cause of their symmetry [property (iv)"|. In particular, 
depending on the evenness or oddness of n and k , 7\,(.v) 
is orthogonal to t l \ so for k<n 

[ f*(p)p**<lp=i\ I /*.♦ iip)f"'dp~iy (13) 
Jq .'ft 

With Eq. (15) established, the proof is very like the 
proof of the number of zeros of orthogonal polynomials. 
Suppose that //>0, then .Pf:JpUlp" 0. I lent u fi-(p) 
must change >ign at least once in (0,1>. Suppose that it 
changes Mgn m times, at points p\. /> ; . p. % , p„„ and 

consider the integral 


u(,, 

J 0 


Wf-pMfrh*)-■ ■ </>•-- 1>-■)'!/>■ 


/•' zTAl>;z\(„(f>)<tp 

. HP-*)' 




’ rzT.(p/z)T .(p/,)d p 
p(r*—P‘)Hp*—*) i ' 


(14) 


If the p integration on the right-is denoted by / n (r,s), 
where 


/.(iV 


Hence, Eq. (14) becomes 

i 

£„(r)c/r = 


ir j gn(r)ilr = z j 


(l p/z)T,(p/r)dp 

(15) 

-fi>)'(p*-i')ip 

7«+i = 7ii-i, K— I\ 

II 

£ 

cn 

o 

= 7r 2. 

(16) 

''J*(p)Tn(p/z)dp 

(17) 

. (P'—z'Vp 


and, by dilTcrentinting with respect to z 

\ d /*' rf n (p)TAp/r)<!p 
k dr J r (p 2 —r*yp 


K 


1 <1 /*' 

u (r) — 7 . / 

r dr J , 


(18) 


The integrand is either everwhere positive except at the 
zeros, or it is everywhere negative except at the zeros, 
that is | /j >0. Hut 

/ =a t j f«Jp)p'-"i/p 

.1 

4 <h I Ji*(p}p'~ 2 dp+ • • • 4’</« j JiAppIp, 

Jit Jo 

where <f|, ci 2t • • *, cf M are some constants, and from Eq. 
(13), the integrals are zero if w<w. This contradicts the 
assumption that |7j^0, unless m^//. Hence* f* n (p) 
changes sign at least n times in 0<^<1. A similar 
proof holds for /?mi(/>). since if ./«' pfun(p)dp=(\ 
ft*+\(p) must change sign at least once, Consideration 
of the integral 

/= f J:«,Jp)(p : -p, 7 )(p ? --pjn - (p--pr: : )p</p 

J o 

then yields the desired result. 


It has been shown that g„(r) determines f n (p) 
uniquely by Ecp (10), and it should now be shown that 
the above inversion formulae determine g n uniquely. 
Suppose that there are two functions f n \ and/„; which 
yield the same function £„ in Eq. (17), and let 
= /•'„. Then /•'« satisfies the equation 


•' rT.(p/r)l-\(p)<!p 




(p'-r'-yp 


-=(). 


(19) 


In the range p^. 1, (p'r)'Z 1, therefore, T n (p/r 1. 
Hence, 7 \(p r)(p 1 —r i )^p" x '^0 in the range of integra¬ 
tion, and the only continuous solution of Eq. (19) is 
/•*»(^)**0. Thus, E(|. (17) determines g n (r) uniquely. 
If Ecp (18) is examined for uniqueness, ignoring its 
origin in Eq. (17), the proof requires an extra step, 
caused by the additional operation of differentiation. 
l*or if and F m have the same meaning as before, 

the equation which l\ must satisfy is 


/•' rT n (p(r)l'\(p)dp 
I --constant. 

'r (p'—r'-)'p 


( 20 ) 


Solutions of this exist which are not identically zero. 
Eorexample, lake // = I, I’\- p( 1 —/> 2 )'*, then c= (tt/ 2). 
Hut this choice of P\ violates the condition (c) of Sec. 3, 
which slates that \F»(p)\ $23/„(l— p-y for .r n ^p$l, 
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and it can be shown, by letting r-^i s that if F * satisfies 
this condition, c must be zero. Therefore, the above 
proof applies, F n = 0 , and the solution is unique. 


5* A GENERALIZATION 


From a mathematical point of view, it is interesting 
to see whether the problem can be formulated and solved 
if the line integrals of a function are taken along families 
of curves other than straight lines, A formal solution 
has been found for a family of circles through the origin. 

Let the circles be defined by two parameters 
and let the equation of the circles be 

r—p cos(0—■0). (21) 


Then, if f(p, 4 >) is the line integral of g(r,$) along the 
circle defined by (pd), one may proceed exactly as 
before with the Fourier analysis of both / and g and 
arrive at the set of integral equations 


/* 



jn(r)T n (r/p)dr 


(221 


Multiplying the left-hand side by T n {zfp){$—p 2 )-* and 
integrating from £-0 to s, and changing the order of 
integration on the right, one gets 


r Up)T^/p)dp 

o 


-2 



T n (zfp)T n (r/p)pdp 

(a*-#*)*(^-r*)* 


( 23 ) 


Making the substitution t=rzfp } and using Eq. ( 16 ), 


f*T n (z/p) T n (rff)pdp _ k 
r (a*-#*)*(#*-r 4 )* 2 


( 24 ) 


Substitution of Eq. ( 24 ) into Eq. ( 23 ) and differen- 
tiating as before yields 


1 £ r Mp)T»(r/p)df 

wdrJo (r 2 —p 2 )* 


( 25 ) 


This solution has not been investigated in any detail, 
but its existence leads one to think that such generaliza¬ 
tions may be carried further* 


6. AN EXPERIMENTAL TEST 

An experiment was carried out in the simplest case 
where g was a function of r only; The specimen was a 
disk, 5 cm thick and 20 cm in diameter, made in the 
following way* A central cylinder of aluminum, 1.13 cm 
in diameter was surrounded by an aluminum annulus 
with an inner diameter of 1,13 cm and an outer diam¬ 
eter of 10.0 cm, and this in turn was surrounded with a 
wooden (oak) annulus with an inner diameter of 10,0 


cm and an outer diameter of 20.0 cm. A peculiarity in 
the results lead to an investigation of the materials 
used, and it transpired that the central cylinder had 
been made of pure aluminum while the annulus had 
been made with an aluminum alloy. A 7 -mGi Co 60 
source produced a gamma-ray beam which was col¬ 
limated by a 15 -cm lead shield with a circular hole in iL 
The gamma rays were detected by a Geiger counter 
which was well shielded and preceded by a second 
collimator. The gamma-ray beam had an over all width 
of 7 mm. Because of the symmetry of the sample it was 
only necessary to measure at one angle, and it 

was measured for p=Q cm to £ = 12.5 cm at 5 -mm in¬ 
tervals. At least 20 000 counts were taken at each setting 
to reduce statistical counting errors to less than 1%, 
and the usual corrections for backgrounds and dead¬ 
time were made. 

For this case, (*&= 0 ), the solution ( 18 ) may be 
written 




Fig, 1* J{r) vs r in cm. Straight lines represent J(r) calculated 
from measured values of the absorption coefficients, points give 
J(r) calculated from Eq, (26), 


The expression Jir) was found from the experimentally 
determined fa(p) by numerical integration, except that 
an analytic approximation was used in evaluating the 
integral near the singularity at p=r. The values of J(r) 
so found are show n as points in Fig. 1 . The values of the 
absorption coefficients of the aluminum alloy and the 
wood were found to be QJ6l±O.O02 cm" 1 and 0.0340 
± 0,0005 cm -1 , respectively, and a value 4 of 0.150 cm -1 
was assumed for the inner aluminum cylinder. J(r) was 
calculated using these values and is shown by the 
straight lines in Fig. 1, The agreement is good. The full 
width of the gamma-ray beam is also shown in Fig. 1 . 

This experiment is a test of the method only in the 
simplest case, but it does indicate that the effects of 
beam width need not be too serious. More stringent tests 

1 C. M. Davisson and R. D. Evans, Phys. Rev. 81, 404 (1950. 
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with more complicated samples are needed and these 
are being undertaken. 
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Residual Temperatures of Shocked Copper* 

John W. Taylor 

Los Alamos Scientific Laboratory, University of California , Los Alamos , New Mexico 
(Received 1 April 1963) 

A photoelectric technique is described for measuring the residual temperature of strongly shocked metals. 

Data for copper shocked to pressures ranging from 0,9 to 17 Mbars are in good agreement with published 
calculations of temperatures. 


INTRODUCTION 

T HE methods which may be used to deduce a com¬ 
plete thermodynamic equation of state from 
shock-wave data which yield a single (P,V 7 E) locus 
have been discussed extensively by Rice, McQueen, and 
Walsh * 1 and by Walsh and Christian 2 * . The calculations 
may be done in more than one way but they are all 
based on certain assumptions. The most important of 
these are: the metal is in thermodynamic equilibrium 
behind a shock wave, the elastic limit at high pressures 
does not increase by orders of magnitude above its 
value at zero pressure, and the Mie-Grtineisen equation 
of state, 

(P-P,)V~y(V)(E-E,) t ( 1 ) 

Is valid over the entire pressure-volume-energy surface 
of interest. The subscript $ refers to any standard state. 
Calculations for most materials are made with the 
additional assumption that gamma is a function of 
volume only and is given bv the Dugdale-MacDonald 
formula, 

y (V) - - (F/2)[d £ (FF*)a V*/d (PV*)d VJ-§. (2) 

Gamma also can be shown to be equal at zero pressure 
to the limit 25—1 where, 5 = (dU t /dlJ P ) Up ^. U 9 is 
shock velocity and U p is shock particle velocity. It is 
necessary to assume that the yield point does not de¬ 
pend markedly on pressure in order to be able to employ 
the theory of the isentropic flow of an ideal fluid in a 
consideration of release waves at the free surface of a 
shocked metal. 

* Work done under the auspices of the U. S. Atomic Energy 
Commission. 

1 M, H. Rice, R H G, McQueen, and J. M, Walsh in Solid State 

Physios, edited by F. Seitz and JX Turnbull (Academic Press 

Inc., New York, 1958), Vol. VI. 

a J. M. Walsh and R, H. Christian, Phys, Rev. 97, 1544 (1955). 


Recent work in which time-resolved measurements 
were made of the free surface velocity of shocked - 
annealed copper indicates that the elastic limit remains 
substantially constant up to 100 kbars (one kbar is 10 s 
dyn/cm 2 ) at least and that shocks at pressures in excess 
of about SO kbars in copper are propagated essentially 
as discontinuities.* Russian work 4 * in which sound speeds 
were measured in copper at pressures in excess of 1000 
kbar indicates that the high-pressure elastic limit is 
finite but still small and shows good agreement with 
sound speeds calculated with the Dugdale-MacDonald 
formula and Hugoniot data.* These results combined 
with the observation that at zero pressures the "dy¬ 
namic” gamma ( 25 — 1 ) agrees very well with the 
"thermodynamic” gamma V(dPfdT) t /C v lead one to 
suspect that copper is the metal most likely to conform 
to all the necessary assumptions and is, therefore, the 
most logical candidate for an experimental check of the 
theory. 

The way of calculating temperatures chosen by Walsh 
and Christian was to assume that y/V—b is constant 
and use the equation, 

r jy =nexp{6(F 0 -F^)}+exp{-5F /f } 


X 


u: 


Va fiy) exp {bV} 


c v 


-dV 



where T Q ,F 0 are temperature and volume under ambient 
conditions and TV, Vh are the same quantities on the 
Hugoniot, and 

/(n=*[iVHUo- Vs){dP/dV) B y ( 4 ) 


* J. W. Taylor and M. H. Rice (to be published). 

*L. V. APtshuler, S. B. Kornier, A, A. Rakanova, and R. F. 
Trunin, Zh. Ekspedm. i Teor. Fiz. 38, 1061 (1960) ["English 
transL: Soviet Phys,—JETP 11, 766 (I960)]. 

S R. G. McQueen and S. P. Marsh, J. Apph Phys. 31, 1253 







30 


1 .3 Computerized transverse axial scanning (tomography). 
Part I. Description of system. 


Sir Godfrey Newbold Hounsfield (1919-2004) 


Godfrey Hounsfield was born in Newark in Nottinghamshire in the UK on 28 
August 1919. He went to school at the Magnus Grammar School in Newark. 

In the Second World War he joined the Royal Air Force as a volunteer reservist. 
He became interested in radar and radio communications and worked as a radar 
mechanic instructor. He then went to the Royal College of Science in South 
Kensington, which was occupied by the RAF, and then to the Cranwell Radar 
School. He passed the City and Guilds examination in radio communications. 

After the war Hounsfield attended the Faraday House Electrical Engineering 
College in London, and received their diploma. Hounsfield joined EMI in 
Middlesex in 1951. He worked on guided weapons and on radar. He was also in¬ 
volved with computers, which were only in their infancy, and built the first solid- 
state computer constructed in Britain, the EMIDEC 1100. By 1972 he was head of 
the medical systems research department. 

Godfrey Hounsfield received many honours. In 1972 he received the MacRobert 
Award and the referee said that “no comparable discovery has been made in this 
field since Rontgen discovered X-rays in 1895.” He was elected to the Fellowship of 
the Royal Society. In 1974, with James Ambrose, Godfrey Hounsfield received the 
Barclay Prize of the British Institute of Radiology, followed by the honorary mem- 
bersip of the Institute in 1980. In 1979 he received the Nobel Prize in Physiology or 
Medicine jointly with Allan Cormack. Godfrey Hounsfield was knighted in 1981. 
Until his death on the 21th August 2004 after a long illness Hounsfield remained 
interested in the development of CT and in MRI. 
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Computerized transverse axial scanning (tomography): 
Part 1. Description of system 

G. M Hounsfield 

Central Research Laboratories of EMI Limited, Hayes, Middlesex 
(Received February, 1973 and in revised form July t 1973) 


Abstract 

This article describes a technique in which X-ray trans¬ 
mission readings are taken through the head at a multitude 
of angles: from these data, absorption values of the material 
contained within the head are calculated on a computer and 
presented as a series of pictures of slices of the cranium. 
The system is approximately 100 times more sensitive than 
conventional X-ray systems to such an extent that variations 
in soft tissues of nearly similar density can be displayed. 

For many years past, X-ray techniques have been 
developed along the same lines, namely the record¬ 
ing on photographic film of the shadow of the ob¬ 
ject to be viewed. Recently, it has been realized that 
this is not the most efficient method of utilizing all 
the information that can be obtained from the X-ray 
beam. Gldendorf (1961) carried out experiments 
based on principles similar to those described here, 
but it was not then fully realized that very high 
efficiencies could be achieved and so, picture recon¬ 
struction techniques were not fully developed. 

As the exposure of the patient to X rays must be 
restricted, there is an upper limit to the number of 
photons that may be passed through the body during 
the examination, and so to the amount of informa¬ 
tion that can be obtained. It is, therefore, of great 
importance that the method of examination ensures 
that all the information obtained is fully utilized 
and interpreted with maximum efficiency. 

In the conventional film technique a large propor¬ 
tion of the available information is lost in attempting 
to portray all the information from a three-dimen¬ 
sional body on a two-dimensional photographic 
plate, the image superimposing all objects from front 
to rear. In order that any one internal structure may 
be seen, it must clearly stand out against the varia¬ 
tions of the materials in front and behind it. 

The technique to be described divides the head 
into a series of slices, each being irradiated via its 
edges; the radiation is confined to the slice and for 
this reason, unlike conventional X-ray techniques, 
the information derived from any object within the 
slice is unaffected by variations In the material on 
either side of the slice. Data are processed and dis¬ 
played by digital computer methods. 

A report on this work was presented at the April 
1972 Annual Congress of the British Institute of 


Radiology (Ambrose and Hounsfield, 1973). A short 
account has also appeared in the ./feu Scientist {Tech¬ 
nology Review) y 1972. 

Principles of the Method 

The aim of the system is to produce a series of 
images by a tomographic method as illustrated in 
Fig. 1. Each image shown at the bottom of the 
figure is derived from a particular slice. 

In the actual equipment, the patient is scanned 
by a narrow beam of X rays. The X-ray tube, de¬ 
tectors, and collimators are fixed to a common frame, 
as shown in Fig. 2, those rays which pass through 
the head being detected by two collimated sensing 
devices (scintillation detectors) which always point 
towards the X-ray source. Both X-ray source and 
detectors scan across the patient’s head linearly 
taking 160 readings of transmissions through the 
head as shown in scan 1 on the scanning sequence 
diagram (Fig. 3). At the end of the scan the scanning 
system is rotated 1 deg. and the process is repeated, 
as shown in scans 2 and 3. This continues for 180 
deg. when 28,800 (180x160) readings of trans¬ 
mission will have been taken by each detector. These 
are stored in a disc file for processing by a mini 
computer. A picture is reconstructed from the data 
by the following method: 

A separate detector measures the intensity of the 
X-ray source and the readings taken from this can 
be used to calculate absorption by the material 
along the X-ray beam path, where 

.. . _ Intensity of X rays at source 

Absorpti on=Log ----—--- 

Intensity of X rays at detector 

If the body Is divided into a series of small cubes 
each having a calculable value of absorption, then 
the sum of the absorption values of the cubes which 
are contained within the X-ray beam will equal the 
total absorption of the beam path. Each beam path, 
therefore, forms one of a series of 28,800 simultan¬ 
eous equations, in w T hich there are 6,400 variables 
and, providing that there are more equations than 
variables, then the values of each cube in the slice 
can be solved. In short there must be more X-ray 
readings than picture points. 


1016 
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Detector 
(More than one 
could be operated 
In parallel for 
multi-slice pictures) 



slices taken at 5 levels 

Fig, 1, 

Computerized transverse axial techniques on a body containing bone and tumour* 



X-RAY TUBE 


S' 

TWO DETECTORS 


SYSTEM 

notches 

ROUND IN 
STEPS EVERY 
LINEAR SCAN. 


Fig, 2 . 



Motion of scanning frame and detectors for producing two 
continuous slices. 
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Fig. 3. 

Simplified illustration of the scanning sequence. 
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MAGNETIC 
DISC UNIT 

Fig. 4. 


n 


CAMERA 


Block diagram illustrating how the readings from the two detectors are digitized, stored in a disc unit, processed in the 
computer and printed out on a line printer. They are also stored in the disc unit as fully processed pictures to be 

viewed on the viewing unit. 



Fig. S. 

Illustration of the patient in position. 


The picture is built up in the form of an 80 X 80 
matrix of picture points to each of which a numerical 
value is ascribed. Each of these points indicates the 
value of the absorption coefficient of the correspond¬ 
ing volume of material in the slice. After appropriate 
scaling, as explained later in the text, the absolute 
values of absorption coefficient of various tissues 



Fig. 6. 

X-ray control console. 


are calculated to an accuracy of \ per cent, 
values are printed out on a line printer or viewed 
a cathode ray-tube (Fig. 4). 

The Scanner Unit 

Figure 5 shows part of the system in use at the 
Atkinson Morley's Hospital, Wimbledon, The 
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patient’s head is placed within a rubber cap in a cir¬ 
cular orifice around which the X-ray source and de¬ 
tectors rotate. 

The rubber cap forms the front face of a box 
containing water, and when this is pumped out the 
rubber cap expands and the patient's head is insert¬ 
ed at the correct angle. The water is then caused 
to flow back allowing the cap to collapse on the 
patient’s head. Since the sides of the box are parallel, 
and the air around the head has been replaced by 
w ater which is of similar absorption to the head, the 
variations of transmission through the box during 
the scan will be considerably less than if the head 
were to be scanned in air. This reduces the range 



Fig. 7. 

Computer console for processing and storing the pictures. 


of the readings from the machine and so eases the 
calculations required to be made by the computer, 
thereby increasing the accuracy of the machine. 

The control console for the X-ray tube and the 
patient scan “start” and “stop” mechanism is shown 
in Fig. 6, and the computer console in Fig. 7. Read¬ 
ings from the scanning unit for one cut are stored on 
a removable disc pack and processed (five minutes 
per picture) during the scanning of the following 
cut. The processor is time shared with the scanner 
unit, its speed being such that it is able to keep pace 
with the flow of patients through the scanner unit. 
This assumes an average of 35 minutes per patient 
and six pictures are taken during this period. The 
removable disc pack can store more than 60 pic¬ 
tures any of which can be selected and viewed on 
the viewing unit (Fig. 8). 

Accuracy of Picture Readings 

Laboratory measurements (for a tube operated at 
120 kV) of water and various body fluids and tissues 
are shown on the chart (Fig. 9). It can be seen that 
fat has an absorption coefficient 10 per cent less 
than water and tissue, on average, a value approxi¬ 
mately 3 per cent greater than that of water. Varia¬ 
tion of tissue absorption found in the head including 
the ventricles covers a 4 per cent range. The picture 
brightness and contrast can be adjusted so that this 
4 per cent range, or “window”, covers full black 
to peak white, illustrated in Fig. 9 as “Tone Range”. 
As the absorption coefficient in this range can be 
measured to an accuracy better than 0*5 per cent, 
this means that at least eight different levels can be 
detected within the “window”. The height of the 
“window” can also be adjusted to the level of any 



Fig. 8. 

Viewing unit and camera. 
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Print-aut 



Fig. 9. 

Illustration of machine sensitivity. The scale on the right is an arbitrary scale used on the print-out and is related to water= 
0, air= 500 units. It can be seen that most materials to be detected fall within 20 units above gero and can be covered by the 

adjustable 4 per cent “window”. 


material which is to be viewed. A more convenient 
scale used on the print-outs (of absorption values) 
is given on the right where air is shown as “500, 
water as 0, and bone as approximately +500; this 
scale is used on the machine. 

The pictures shown in Fig. 10 illustrate in prac¬ 
tice how the picture changes, similar to a television 
“contrast” control, when the “window level" con¬ 
trol is raised from —20%( —1Q0 units) to +70% 
(+350 units). 

As this scale uses water as a reference (Le. water 
=0), to obtain the absorption coefficient of any 
material for the 120 kV X-ray beam, 500 must be 
added to the readings and multiplied by a factor of 
0T 9/500, the absorption coefficient of water for this 
beam being 0*19 Cm -1 . 

Determination of Atomic Number of Material 

It is possible to use the machine for determining 
approximately the atomic number of the material 
within the slice. Two pictures are taken of the same 
slice, one at 100 kV and the other at 140 kV. If the 
scale of one picture is adjusted so that the values of 
normal tissue are the same on both pictures, then 


the picture containing material with a high atomic 
number will have higher values at the corresponding 
place on the 100 kV picture. One picture can then 
be subtracted from the other by the computer so 
that areas containing high atomic numbers can be 
enhanced. (In practice a contrast medium, sodium 
iothalamate containing 420 mg of atomic iodine 
per millilitre (Conray 420) can be readily detected 
at a concentration of one part in 1,000 by the 
machine.) For example, tests carried out to date have 
shown that iodine (Z=53) can be readily distinguish¬ 
ed from calcium (Z=20). The scope of this tech¬ 
nique is under further investigation at present. 

Radiation Dose 

The skin area irradiated is confined to a narrow 
band around the edge of each slice and provided the 
slices do not overlap the skin dose will not increase 
with the number of slices taken (although the area 
irradiated will increase). The exposure at the pa¬ 
tient’s skin is T9 R for an examination which pro¬ 
vides six tomographic slices covering the whole of 
the head. This exposure is approximately equivalent 
to a conventional skull X-ray examination. Two pic- 
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Fig. IQ. 

Illustration of “window level” adjustment. 

(a) (Window level setting—100 units.) The black ring represents the patient’s hair and the air trapped in it. 

(b) (Setting 0) shows water in the ventricles. 

(c) (Setting + 15 units) shows tumour and haemorrhage, 

(d) (Setting + 20 units) shows details in the haemorrhage. 

(e) (Setting + 350 units) the white ring represents the bone of the skull. 


tures side by side are taken at the same time during 
each scan of the patient. 

Discussion 

It is evidently of interest to consider how far the 
sensitivity of this procedure exceeds that available 
with established techniques. The material presented 
in Fig, 9 gives some indication of the detectability 
of particular tissues; further analysis of the data 
presented suggests that the system may have a 
sensitivity two orders of magnitude greater than 
conventional methods in detecting soft tissue 
abnormalities. 


it is possible that this technique may open up a 
new chapter in X-ray diagnosis. Previously, various 
tissues could only he distinguished from one ano¬ 
ther if they differed appreciably in density. In this 
procedure absolute values of the absorption coeffi¬ 
cient of the tissues are obtained. The increased sen¬ 
sitivity of computerized X-ray section scanning thus 
enables tissues of similar density to be separated and 
a picture of the soft tissue structure within the 
cranium to be built up. 
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Book review 


Radiation Protection. By J. Shapiro, pp, xx + 339, illus., 
1972 (Cambridge, Mass., Harvard University Press, and 
London, Oxford University Press), £7-50 (hardback); 
£3 ♦ 50 (p ape r covers). 

This manual on radiation protection has two conflicting 
objectives. The author claims in the preface that "This 
manual was written for individuals who wish to become 
qualified in radiation protection as an adjunct to working 
with sources of ionizing radiation or using radionuclides 
in the field of medicine. It provides the radiation user with 
information needed to protect himself and others and to 
understand and comply with governmental and institutional 
regulations regarding the use of radionuclides and radiation 
machines.” The guide to the use of the manual, however, 
informs the reader that "This manual was written for the 
training programme in the safe use of radionuclides in re¬ 
search conducted by the Harvard University Health Ser¬ 
vices.” If this second objective had been implied in the 
title rather than the first, the manual would be a far more 
useful publication, especially as certain sections now dealt 
with inadequately would then have been irrelevant and 
presumably deleted. To meet the first objectives a more 
rigorous and extensive treatment is necessary on the use of 
"radiation machines”, particularly in view of the contribu¬ 
tion diagnostic radiography makes to population exposure; 
the section on "X-rays” takes up only twenty-nine pages! 

The manual is divided into six parts. 

Part I—Historical Prologue. 

Part II—Principles of Radiation Protection. Referred to as a 
primer on the principles of radiation protection, contributes 
approximately a third to the volume of the book. Even at 
this stage, in its tables and illustrations, the presentation 
is very much biased towards the use of radionuclides at the 
expense of "radiation machines”. 

Part III—Radiation Dose Calculations. This deals exclu¬ 
sively with calculations on topics dealing with radionuclides 
and provides some very useful data and formulae for the 


radionuclide worker. The author elaborates with detailed 
dose calculations on 3 H, 131 I, m Xe and 3S P, chosen for 
their universal use in nuclear medicine. 

Part IV—Radiation Measurements . The "various kinds of 
radiation detectors, the types of signals they produce and 
means of analysing these signals, with particular attention 
to Geiger-Muller counters and scintillation detectors as 
examples of the constant output and proportional output 
detectors respectively” are discussed. Included is a short 
but completely inadequate section on personnel and en¬ 
vironmental monitoring. The presentation of radiation 
measurements from radionuclides and their interpretation 
are dealt with after an introduction to the statistical methods 
required for this. 

Part V—Practical Aspects of the Use of Radionuclides con¬ 
tains little practical information for the radionuclide user in 
the United Kingdom. Reference is only made to the various 
regulations pertaining to radiation control in the U.S.A, 
Also included arc practical safety precautions required 
when handling radionuclides. This is information which is 
readily available to the U.K. user in the Codes of Practice 
for the protection of persons against ionizing radiations. 
Part VI—Ionizing Radiation and Public Health provides ex¬ 
tensive and up-to-date data on the potential hazards in¬ 
volved in the large scale use of ionizing radiations. The 
merit of such a detailed account in a manual of this kind 
is questionable, A condensed version would not have de¬ 
tracted from its usefulness in keeping radiation hazards in 
perspective. 

The manual ends with two appendices, the first on the 
use of powers of ten in dose calculations, the second con' 
tains a set of 25 problems for the reader to tackle, all dealing 
with radionuclides. A selected bibliography is appended for 
easy reference to a more rigorous treatment of the text, 
together with further useful references and an index, 

M. H. Davies. 
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James Ambrose (born 1923) 


James Ambrose was born in Pretoria, South Africa on 5 April 1923. He initially 
studied science at Johannesburg. During the Second World War he joined the 
Royal Air Force. After the war he studied medicine at Cape Town and came to the 
United Kingdom in 1954 to study radiology, initially at the Middlesex Hospital and 
then at Guy’s Hospital. 

Ambrose became interested in neuroradiology and in 1959 went to work at 
Atkinson Morley’s Hospital, where he spent his working life. Atkinson Morley’s 
Hospital was in Wimbledon in South London and by 1948 it had become the 
busiest neurosurgical unit in London. Neurosurgery had been developed by Wylie 
McKissock. McKissock had visited Stockholm and had been very impressed by 
the close collaboration between Herbert Olivecrona and the radiologist Eric 
Lysholm. McKissock disliked the current invasive neuroradiological techniques. 
James Ambrose shared his concerns, and the department at Atkinson Morley’s 
Hospital actively investigated alternative imaging techniques including cranial ul¬ 
trasound and nuclear medicine with the support of the physics department at St 
George’s Hospital. Ambrose presented his work on cranial ultrasound in 1969 to 
the meeting of the British Medical Association in Leicester and although the paper 
was well received Ambrose would admit that the technique was not generally use¬ 
ful. Ambrose was therefore well prepared to respond positively to Godfrey 
Hounsfield and to his novel ideas regarding cranial imaging. 

In 1974 James Ambrose and Godfrey Hounsfield jointly received the Barclay 
Prize of the British Institute of Radiology, and James Ambrose received honorary 
membership in 1993. In retirement Ambrose now lives in Argyll in Scotland and 
remains modest as ever about his major achievements. 
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{Received February, 1973) 


Abstract 

A new and fundamentally different X-ray method is des¬ 
cribed. The cranium is scanned in successive layers by a 
narrow beam of X rays, in such a way that the transmission 
of the X-ray photons across a particular layer can be 
measured, and by means of a computer, used to construct 
a picture of the internal structure. 

Employing a suitably designed scanning gantry, a con¬ 
tinuously operating X-ray tube, and a narrow collimated 
X-ray beam, the transmissions of X-ray photons across a 
slice of tissue may be measured by a system of crystal 
detectors in such a way that 28,800 readings are obtained. 
These form the basis of 28,000 simultaneous equations 
which are solved by a computer. The solutions are trans¬ 
formed into absorption coefficients and by means of a 


•This preliminary communication is a slightly expanded 
version of a short paper which was presented at the Annual 
Congress of the British Institute of Radiology on April 19, 
1972 . 


suitable algorithm related to their correct cells in a matrix 
of chosen size. 

The results are stored, computed, and then made avail¬ 
able from a magnetic disc to construct a picture on a CRT. 
The numerical results are available from a print-out. 

The examination is, therefore, qualitative and quanti¬ 
tative. Pictures thus obtained are looked at in much the 
same way as radiographs. Structures are identified and 
shape, size, and position defined. Changes in tissue density 
are then looked for. 

Lesions are seen as alterations of normal density and are 
interpreted in the light of pathological changes which are 
known to occur. Increased density may be due to blood clot, 
calcium deposition in tumours, and other lesions. In 
haemorrhage, once clotting has occurred, the concentrated 
blood constituents show up as an area of high density. 
Average tissue density is lowered in tissue necrosis, oedema, 
cyst formation, and haemorrhage where clotting has not 
occurred. 

Tissue density may be artificially enhanced by the 
intravenous injection of substances containing large atoms; 



Fig. 1. 

Normal scan. 

Computer print-out of scan through a section 1 l 3 cm thick and 3 r 5 cm above the orbito-meatal line. The matrix size is 
80 X 80 and each number is the calculated absorption coefficient of a discrete volume of tissue at that point. Note: The highest 
values are recorded in the surrounding compact bone while the lowest values are found in the fluid filled ventricles, 
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sodium lothalamate has been found to be ideal and the 
tissue density of a variety of tumours may be enhanced by 
this means. 

Computerized transverse axial scanning is a new 
method of “imaging” in which the patient is scan¬ 
ned by a narrow beam of X rays. Measurements of 
the transmission of X-ray photons across a section 
of a part of the body are taken by an arrangement of 
crystal detectors, in such a way that a picture can 
be constructed by a computer and displayed on a 
oath ode-ray tube. 

The apparatus used is a prototype which has 
been designed to examine the cranium and to pro¬ 
vide transverse axial tomographic scans, showing 
the tissue structure of the brain in each successive 
slice. 

Two contiguous slices of the brain, each 1-3 cm 
thick on either side of a selected plane to which the 


301. 1A 



Fig. 2* 

Normal scan. 

Polaroid picture of computer print out shown in Fig. 1. 
The tissues exhibiting the highest density are shown as 
peak white areas, while tissues of lowest density are shown as 
black areas. The subarachnoid space, the interhemispheri- 
cal fissure, the difference between the cortex and white 
matter, the lateral ventricles, septum pellucidum, 3rd 
ventricle and choroid plexuses are major features which are 
easily defined. 


X-ray beam has been centred, are examined in each 
scan. 

The results are displayed in three ways: 

( 1 ) A paper record of the computer print-out of the 
absorption coefficients relating to small prev- 
viously defined volumes of tissue (Fig* 1)* 

( 2 ) A cathode-ray tube display of the processed 
information from magnetic tape. 

( 3 ) A Polaroid camera picture of the cathode-ray 
tube display (Fig. 2 ). 

Operation 

The operation of the appartus, being geared to 
the collection of data in numerical form, is different 
from that of a conventional X-ray machine. Radio¬ 
graphers must become versed in the operation of an 
apparatus which is simple to use and which re¬ 
quires the carrying out of the following main 
procedures; 

(1) positioning the patient in an expanded rubber 
head-cap which is allowed to shrink on to the 
patient's head by releasing water pressure from 
behind (Fig* 3 )* 

(2) using a measuring system to locate the plane of 
section; 

(3) operating a control console, which starts the 
reciprocating and rotating movements of the 
mechanical scanner and records the reading of 
X-ray transmission taken by the crystal detec¬ 
tors (Fig* 8, Part 1 ); 

( 4 ) operating a viewer console after the picture has 
been processed (Fig* 9 , Part 1 ). 



Fig. 3. 

The patient^ head has been positioned in the expanding 
rubber head cap which has then been allowed to shrink on 
to the scalp, reducing the air gap to a minimum* Note the 
marking tape on the side of the head. 
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Fig. 4a. 


Line drawing shotting the orbito-mealal line. 

The continuous lines at 3, 5*5 and 8 cm are the reference 
planes on which the X-ray beam is centred. The dotted lines 
on each side of the respective planes indicate the thickness 
(T3 cm) of each slice which will be examined. Although 
the total thickness of tissue examined in each scan is 2*6 cm 
a more practical measurement of 2*5 cm is made. 



Fig. 4b. 

Identification of levels to be scanned. 

A strip of white tape has been fixed to the head in front 
of the ear and the orbito-meatal line drawn, using a black 
grease pencil. The levels to be scanned are marked on the 
tape. 

These systems require to be correctly integrated 
and a system of interlocking controls and safeguards 
is provided. 

In order to provide a method for measuring the 
level of each scan which, for purposes of com¬ 
parison, may also be applied to lateral skull radio¬ 
graphs, brain scans, or contrast studies, a line join¬ 
ing the outer angle of the eye to the external audi¬ 
tory meatus (Le. the orbitomeatal line) is adopted as a 
base (Figs. 4a and b). 

This line is marked on the patient's face with a 
black grease pencil and the levels of the selected 
planes to be examined are then marked on a strip of 


white tape fixed to the side of the head immediately 
in front of the right ear (Fig. 4 b). 

Variations in the shape of the skull in individuals 
will produce differences in the levels at which speci¬ 
fic structures will be seen, but the thickness of each 
adjacent slice of tissue examined (1*3 cm) provides 
for considerable overlap. A series of five successive 
examination planes, i.e. ten slices covering 13 cm, 
should in most cases encomposs the calvarium from 
the base to the vertex. 

In practice, so far, we have seldom found it neces¬ 
sary to scan below 3 cm or above 8*5 cm. This means 
that three scanning “runs” in most cases will be 
sufficient, Le. six pictures. 

The patient is then lifted onto an X-ray couch 
fitted with a hydraulic lift and the head is gently 
pushed into the hollow formed by the rubber cap 
until it is firmly held by a plastic cone behind the 
cap. The water pressure is then allowed to increase 
slowly so as to permit the rubber cap to envelope 
the head from the supra-orbital margins to the ver¬ 
tex, thus excluding any air gap. 

Once this operation has been carried out, the 
marks on the tape are read off against a scale in the 
water box, and this enables the patient to be accur¬ 
ately positioned with respect to the X-ray beam. 

Once a scanning “run” has been started, the pa¬ 
tient is required to remain quite still for approxi¬ 
mately four minutes, which is the time required for 
the X-ray tube to rotate through 180 deg. and to 
make 180 linear scanning motions. Any patient who 
is able to co-operate sufficiently for a radioisotope 
brain scan will be able to cope with the requirements 
for a computerized transverse axial scan. 

Results and Interpretation 
The normal scan 

Since each section or slice has been scanned by 
the X-ray beam in a transverse axial plane, the 
Polaroid camera pictures taken from the cathode- 
ray tube display must be viewed as if the cranial 
contents at a particular level were being looked at 
from above. With the serial number at the top of the 
picture the viewer is correctly orientated as to left 
and right side, front and back. 

Figures 5a, b and c, show the cut top surfaces of 
horizontal sections made through a normal brain 
removed at autopsy. The sections are 1 cm thick and 
are selected to show some of the major anatomical 
features which can be seen in computerized trans¬ 
verse axial scans made at similar levels. The features 
which may be defined include the difference between 
white and grey matter, the Sylvian fissures, the inter- 
hemispherical fissure, the lateral ventricles, the 
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c 

Fig. 5a, b, c. 

■Relation of scans to sections through normal brain. The brain section are each 1 cm thick and were made 3, 4, and 7 cm 
above the floor of the temporal fossa. Scans made at comparable levels are shown with each section. The major features which 
can be defined are; the subarchnoid space, the Sylvian fissures, 3rd ventricle, lateral ventricles, interhemispherical fissure, 
pineal body, choroid plexuses, corpus striatum (the internal capsule can just be discerned in Fig. 5 b). The difference between 
white and grey matter can also be defined. Note: The scan in Fig. 5b shows changes due to cerebral atrophy. 


3rd ventricle, the calcified pineal body, and choroid 
plexuses. The thin low density band surrounding the 
brain in part represents fluid in the subarachnoid 
space, but some is without doubt due to computer 
overswing, the system having to drop abruptly from 
the high density of compact bone down to near zero 
for cerebrospinal fluid. 

The computer "printout” which accompanies 
each section is the numerical record of the absorp¬ 
tion coefficients of small previously defined volumes 
of tissue at each picture point. The tl print-out” has 
been shaped to conform broadly with the outline of 
the cranium at the level selected (Fig. 1). 

The values vary according to the density of tissues 
included in the predetermined volume. Using a 
matrix made up of 80 X 80 cells, each 3x3 mm X 
the thickness of the tissue slice which can be either 
13 or 8 mm. 

The values of the absorption coefficients are cal¬ 
culated on a standard scale, adopting zero as the 
value for water. Cerebrospinal fluid on this scale has 


a value of plus one. The range of values is from ap¬ 
proximately plus 500 for compact bone to minus 500 
for air in the mastoid air cells or paranasal sinuses. 

Since the absorption coefficients are measured to 
an accuracy of 0*5 per cent, the method is able to 
detect and register small differences in tissue den¬ 
sity. The cerebral cortex is appreciably more dense 
than the deeper white matter. Differences in tissue 
density are also registered in the deeper structures 
of the corpus triatum. Spaces filled with cerebros¬ 
pinal fluid are shown as areas of low density. 
A fluid filled ventricle would show up as a group of 
low values approaching zero. (The value for cere¬ 
brospinal fluid is actually about +1 due principally 
to the salt content.) Volumes at the periphery of a 
fluid filled space may include tissue boundaries and 
the absorption coefficients will therefore be higher 
depending on the proportion of tissue and fluid 
included in each separate small volume. 

In the Polaroid camera pictures, with the appro¬ 
priate window level setting, tissues of higher density 
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than grey or white matter show up as “white” 
areas. Diminishing tissue density is shown as darker 
shades of grey or black. 

In normal operation the density variation of tissue 
is confined to values within a 4-6 per cent range 
above zero. The picture brightness and contrast 
can be adjusted within this small range from peak 
white down to full black. In a normal scan the pic¬ 
ture brightness can therefore be adjusted so that the 
cerebral cortex will show as a thin white band, while 
the deeper white matter will be shown in varying 
shades of grey. The ventricles and other fluid filled 
spaces will show up as black areas (Fig, 6), 

The values of the suitably scaled absorption co¬ 
efficients (see Fart 1) for the cerebral cortex vary 
between 19 and 23 and from 13 to 17 for the white 
matter. Fluid filled spaces vary from zero to values 
as high as seven or eight, according to how much of 
the fluid filled space has been included in the cut. 
The extreme measurements are compact bone +500 
and air —500. The values for tissues containing 
calcium will depend on the amount of calcium pre¬ 
sent or whether it is aggregated, and can vary from 
20 to as high as 200, The pineal body and choroid 


plexuses are good examples. The amount of cal¬ 
cium present in these structures may be insufficient 
to show in skull radiographs, but with the greatly 
increased sensitivity of the method these structures 
show up clearly as “white” dense areas (Fig. 5). 

The abnormal scan 

In neurological practice the common lesions 
which require to be identified are cerebral neoplasms 
of all varieties, haematomas, infarctions, and infec¬ 
tions, To this list must be added cerebral oedema 
which often accompanies these lesions and compli¬ 
cates the clinical picture as well as the findings pre¬ 
sented by other methods of investigation. 

Examination of transverse axial scan pictures is 
conducted in much the same way as that of any radio¬ 
graph, Structures are identified and their shape, 
size, and positioned defined. The perspective pre¬ 
sented may at first be found to be unusual but later, 
with usage, no real difficulties are encountered. 
Changes in tissue density are then looked for, and 
in this respect, symmetry between the two hemis¬ 
pheres is an important factor in enabling an abnor¬ 
mality to be identified. For a lesion to be precisely 



Fig. 6. 

Right frontal cortical meningioma. 

Scan 2 a shows the tumour as slight increase of tissue density. The lesion is much better seen in 3 a after tissue density 
enhancement with sodium iothalamate by intravenous injection. 
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located in the picture, the density of the abnormal 
tissues must be either higher or lower than that of 
the surrounding normal tissue. If, however, the 
average density of the lesion is the same as that of 
normal surrounding tissue, then it will not ordinarily 
be detected in the scan. Artificial enhancement of 
the density of abnormal tissue is discussed in a fol¬ 
lowing section. 

Slow-growing neoplasms and a variety of other 
pathological entities with a closely knit or fibrotic 
structure would be expected to be more dense than 
normal tissue. 

Calcification in the form of calcospherites or 
larger aggregates occurring in a variety of different 
lesions will greatly raise the density of affected tis¬ 
sues, Meningioma, low grade astrocytoma, oligo¬ 


dendroglioma and ependymoma are examples of 
neoplasms which may show up as “white** areas be¬ 
cause of their high tissue density (Figs. 6, 7 and 8). 
Calcium aggregates in other lesions such as angi¬ 
omas, the walls of large aneurysms, and some 
varieties of benign cysts, degenerations and indolent 
infective diseases would similarly be expected to be 
shown in scans passing through the affected tissues. 
In intracerebral haemorrhage the associated tissue 
damage will usually result in some surrounding 
oedema and therefore reduction of tissue density, 
but once clotting has occurred the high concentra¬ 
tion of calcium ions, the haemoglobin in the clot 
and the squeezing out of serum all combine to pro¬ 
duce a great increase in average density, enabling 
the lesion to be instantly recognized, and the extent 
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Fig. 7a. 

Computer print-out 

Third ventricle ependymoma in a young adult female patient. Faint suprasellar calcification was detected in the skull 
X rays. The small calcium aggregates account for the height average density of the tumour, 
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Fig. 7b. 

Polaroid picture of 7A. 

The scan was made 3 cm above the orbito-meatal line and is slightly oblique. The pictures represent adjacent slices each 
T3 cm thick. The 3rd ventricle is occluded by the tumour. In picture le the inferior portions of the anterior horns of the 

lateral ventricles are seen. 


and relation to other structures to be defined 
(Fig. to). 

Since the accuracy and sensitivity of the method 
is of a very high order, artificially raising the density 
of abnormal tissue or enhancing the density differ¬ 
ence at the boundaries of the affected tissue be¬ 
comes a possibility. The break-down of the blood 
brain barrier in an abnormal area should enable 
small amounts of circulating substances to pass into 
the abnormal tissue and to be retained for relatively 
long periods of time. 

The attraction of being able to inject a compound 
containing atoms of high atomic number into the 
circulation, allowing sufficient time for it to con¬ 
centrate in a tumour or abnormal tissue, and then to 
demonstrate the lesion by means of a plain radio¬ 
graph, has in the past, formed the basis of a number 
of experiments. Unfortunately, the substances 
which showed, most promise were too toxic to be 
used in sufficient amounts, and for compounds of 
low toxicity, the conventional X-ray method was 
not sufficiently sensitive. 

We have repeated these experiments using a pre¬ 


paration of sodium iothalamate which contains 
420 mg of iodine per ml. A dose of 20-40 ml. is ad¬ 
ministered by intravenous injection. Scans taken at 
5, 10, 15, and 20 minutes after the injection showed 
appreciable increases in the density of a variety of 
tumours (Figs, 10 and 11). 

Meningiomas, as would be expected, exhibit a 
marked increase in density. Some tumours appear to 
be able to retain the iodine containing molecules of 
the contrast medium used for arteriography for some 
hours following injection (Fig. 12). 

Diminished tissue density on the other hand, may 
arise out of a larger number of pathological con¬ 
ditions. The break-down of cell structure in infarc¬ 
tions, massive coagulative necrosis in malignant tum¬ 
ours, macroscopic and microscopic cyst formation, 
degenerative alterations of various kinds and oe¬ 
dema, are some of the main changes which will re¬ 
duce tissue density and are observed as darker areas 
in the scan pictures. 

While no really distinctive pattern has yet emer¬ 
ged from our study of the numerical absorption co¬ 
efficient values in low density lesions, it should be 
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A 



B 

Fig. 8. 

Unverified cerebral tumour exhibiting calcification , 

(a) Skull radiographs showing calcification in the left parietal 

lobe. 

(b) &fl Tc m brain scan of the same patient showing the oribito- 
meatal line and the levels at which the scans were carried 

out, i.e. 8 cm and 10 cm. 
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Fig. 8c + 

Unverified cerebral tumour exhibiting calcification. 

(c) Computerized scans. Polaroid pictures. 

Pictures 2a and 2b are the sections below and above the 8 cm line while 1a and 1b are the sections below and above the 10 
cm line. The low density area surrounding the calcification represents abnormal tissue, i.e. tissue affected oedema or pos¬ 
sibly uncalcified tumour of a higher grade of malignancy. Note: The calcification has print-out values of over 100. 
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Computerized transverse axial scanning {tomography): Part 2. Clinical application 



B 

Fig. 9. 

Primary intracerebral haemorrhage. 

(a) Right carotoid arteriogram showing the displacement and 
spreading of the branches of the middle cerebral artery. 
The orbito-meatal line and the levels scanned (S and 8 cm 

respectively), are indicated by black lines. 

(b) S5 Tc m brain scan. The haematoroa is not localized. There 
is a small amount of increased activity in the right mid¬ 
temporal area which is probably arising from the Sylvian 

veins and the inferior anastomotic vein. 
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Fig. 9c. 

(c) Comipiuterized scan. Print-out. The haematoma is defined by high absorption coefficient values due arnost probably to 
calcium ions within the haematoma, and the concentrated clot* most of the serum having been absorbed. The displaced 
ventricular system is defined by low values arising from the fluid contents. 


possible in the majority of cases to differentiate 
tumours from degenerative and other non-neoplastic 
lesions* The pattern of tissue involvement, the 
tendency to necrosis and cyst formation in malig¬ 
nant tumours and the displacement and distortion of 
identifiable structures such as the ventricular system 
and pineal body may aid in identifying the nature of 
an abnormality (Figs. 13 and 14), 

In infarctions it may be possible to identify the 
lesion by the greater involvement of white matter 
and. the absence of features usually seen in asso¬ 
ciation with space occupying lesions (Fig. IS). 


Cerebral metastases are identified as such by their 
mult i plici ty (Fig, 16), 

Some solitary lesions may be seen as well defined 
tissue abnormalities of either low or increased den¬ 
sity. Local oedema which frequently accompanies 
these lesions may, as in other methods of investiga¬ 
tion, mask the true extent of the neoplastic tissue. 
Cystic degeneration or haemorrhage w T hich also 
occur in cerebral metastases, are easily identified 
as such by defined low density areas or irregular 
areas of high density. 

Some benign tumours because of their location 
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Fig. 9d. 

(d) Polaroid pictures of scans made at 5 and 8 cm respectively. Note the displaced pineal body and the displaced ventricula 
system. The successive adjoining sections show the haematoma in a new and different perspective. The relationship to deep 
structures as well as the approach to the surface of the brain, are exhibited. 
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Fig. 10. 

Left inferior frontal tumour. 

Scan 1 b shows the displaced ventricular system and a barely discernable change of tissue density in the anterior portion 
of the left hemisphere. Scan 2 b was taken at the same level 20 minutes after the administration of 20 ml. of sodium iothala- 
mate by intravenous injection. A rim of high density tumour tissue is now clearly seen. Astrocytoma Grade III proved by 

craniotomy and histological examination. 


and constitution, may exhibit characteristics enab¬ 
ling a specific identification to be made* Cystic 
craniopharyngioma, epidermoid cyst, or cholestea¬ 
toma are examples of such tumours* The cyst con¬ 
tents being of a fatty nature, will have a density 


lower than water and will therefore be represented 
as negative values on the chosen scale of absorption 
coefficients* Calcification which may be present in 
the form of sheets or plaques in the cyst wall or cap¬ 
sule, is easily identified by its high density (Fig* 17)* 
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Fig. 11. 

Left temporal tumour. 

Scan 1 a shows a slight difference of density between the two temporal regions. Scan 3 a was taiteii jlo minutes after the injec¬ 
tion of 40 mb of sodium iothalamate (Conray 420) by intravenous injection. The tumour is now clearly seen. Astrocytoma 

Grade III proved by craniotomy. 


We have so far been able to examine only seven 
patients with chronic subdural haematoma. We had 
expected to be able to demonstrate the lesion as an 
extracerebral lens shaped area of either high or low 
absorption depending on the density of the haema- 
toma fluid. In all the patients examined we have 
demonstrated the displacement of the ventricular 


system or pineal body but in six patients, the ex¬ 
pected demonstration of the actual haematoma was 
not found. This was due to the haematoma fluid 
having the same average density as the brain. A 
thin poorly defined low density line marking the 
boundary between haematoma and brain was all that 
could be defined (Fig. 18). 


1037 

















54 


Chapter 1 Computer Tomography 


Vol. 46, No. 552 


J* Ambrose 






ig. 12. 

Left frontal meningioma. 

Scan 1 b shows a dense left front tumour immediately behind a local thickening of the left frontal bone. The area of low 
density behind the tumour is oedematous brain. Scan 3 b was taken two hours after carotid arteriography and at a slightly 
lower level. Note the increased density due to retention of contrast medium by tumour tissue. 


In the seventh and last patient however, the 
haematoma was of a higher average density than the 
brain tissue and could easily be identified (Fig. 19). 

In cranio-cerebral trauma it may be important 
(and difficult) to distinguish between cerebral con¬ 
tusion, cerebral laceration, or cerebral oedema on 
the one hand and an intracerebral haemorrhage on 
the other. In these cases computerized transverse 
axial scanning is capable of providing specific 
differentiation. Because of the locally high con¬ 
centration of calcium ions, a haematoma is seen as 
an area of high density, while tissues affected by 
oedema will exhibit low density. 

Discussion 

Computerized transverse axial tomography is a 
new and fundamentally different diagnostic X-ray 
method. Modern electronic and computer tech¬ 
nology have been allied to X-ray detection and 
measurement to analyse the information content 
of a beam of X-ray photons passing through tissue, 


in such a way that remarkable tissue differentiation 
becomes possible. 

It is possible that the method will not immed¬ 
iately reduce the present practice of cerebral arterio¬ 
graphy or pneumo-encephalography but, like radio¬ 
isotope brain scanning, it will undoubtedly come to 
occupy an increasingly important position, and in 
similar fashion will no doubt, supersede contrast 
radiological procedures in the investigation of many 
patients. 

The hope Is, that the majority of patients requir¬ 
ing investigation for a neurological complaint will 
need to be subjected only to plain skull radiography, 
a radio-isotope brain scan and a computerized 
transverse axial scan, either singly or in combina¬ 
tion. These investigations should provide sufficient 
information in respect of location, tissue abnormality 
structural displacement, and possibly the nature of 
a lesion for the institution of definitive treatment. 

As this communication is intended to be a pre¬ 
liminary description of a new method, it has not 
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Fig. 13a. 

Left parietal tumour, 

&$Tc m brain scan with the scanning levels indicated. 


been possible to give more than an indication of the 
potential for locating and identifying disease pro- 
cesses. Increased use of the method will, however, no 
doubt result in a greater pool of knowledge and a 
more accurate definition of its scope, but at the pre¬ 
sent stage of development some of the limitations 
require to be stated: 

L Movement limitation 

A small amount of movement will introduce aber¬ 
rations into the readings. This will reduce the 
quality of the pictures, A considerable amount of 
patient co-operation is therefore required and, 
although the introduction of shaped plastic head 
cones has greatly reduced the amount of small 




Fig, 13b, 

Computerized scan showing the large irregular low density area due to necrotic tumour and oedematous brain tissue 

Astrocytoma Grade III proved by craniotomy. 
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Fie. 14. 

Right temporal tumour . 

Scan made at 4 cm. The large irregular low density area in the right temporal region indicates the tumour. Note the displace¬ 
ment of the ventricular system. Astrocytoma Grade III proved by craniotomy. 


inadvertent movement, four minutes is a long time 
, for a patient to remain perfectly still, and some small 
movements nearly always occur. In scans of the 
mid-section of the cranium these movements do 
not seriously affect the quality of the pictures, but 
lower down near the base, the effect is much more 
serious. This effect is seen as vertical streaking 
(Fig. 9d, 1a, 1b). Heavy sedation has been used in 
restless patients but this is clearly much less satis¬ 
factory than conscious co-operation. 

2. Examinations involving the skull base , posterior 
fossa, and high convexity of the cranium 

Examinations involving these areas tend to be less 
satisfactory than those of the broad mid-section of 
the cranium. The method operates to maximum 
advantage when there are no large changes in tissue 
density. In the skull base, the air-filled sinuses and 


mastoid air cells give rise to large negative values, 
while the complex bony structures provide high 
positive values. Small movements of the head in 
these conditions will, therefore, affect the accuracy 
of the readings to a considerable degree. 

To examine the posterior fossa, it is necessary 
to angle the plane of examination with respect to 
the orbito-meatal line, so that some of the complex 
bony structures of the floor of the anterior and 
middle cranial fossae are avoided. In the high con¬ 
vexity of the cranium the bony walls slope in¬ 
creasingly steeply to the sagittal midline, so that the 
plane of section, although still normal to the long 
axis of the body, is no longer also normal to the body 
w T all. Some brain tissue will therefore be hidden by 
the slope of the bone contained in the width of the 
section (T3 cm). This difficulty can be partially 
overcome by using a smaller slit, thus reducing the 
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Fig. 15. 


Left occipital infarction. 

The scan has been made at 5 cm. The low density area in the left occipital area indicates the extent of infarcted tissue. The 
ventricular system is normal. Note the midline pineal body and symmetry of the choroid plexuses. 
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Fig. 16. 

Cerebral metasiases. 

The patient had previously undergone resection of the left lung for a squamous cell carcinoma. The scans have been 
made at 9 cm and 5 5 cm respectively. Note the cystic lesions in the right frontal T parietal and occipital areas and the single 
large lesion in the left posterior parietal area. A fairly large metastasis is also seen in the right cerebellum (Scan 2 a). 
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Fig. 17a. 

Scans made at 4-5 and 6 cm. Middle-aged male patient with life-long poor vision, lately becoming blind in the left eye. 
(a) Computer print-out of the lower scan made at 4 5 cm. The negative values of the absorption coefficients for the cyst 
contents indicate that they are of a lower density than water and therefore most likely to be cholesterol. 
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Fig. 17b. 

C raniopharyngioma . 

(b) Polaroid pi cm res. Note the central cyst with a locule extending into the left frontal lobe. Specks of calcification are visible 
in the cyst wall in Scan 2a and 2b. In Scan 2b the top of the cyst protudes into the floor of the anterior aspects of the lateral 

ventricles* 
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Fig. 18 . 

Scan 260 1A . Left chronic subdural haematoma. 

The ventricular system is displaced. The choroid plexuses are asymmetrical and the pineal body is displaced. The only other 
indication of the location of the subdural haematoma is the poorly defined diagonal translucent line in the left parietal area. 

Scan 209 IB. Right frontal subdural abscess* 

The ventricular system is displaced to the left, but here due to the different nature of the fluid in the subdural space, the 
lesion is easily located as a lens shaped area of low density. 
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Fig. 19. 

Chronic subdural haematoma. 

In a small series of seven patients with chronic subdural haematoma, this was the only instance where the haematoma could 
be seen as a typical lens shaped area of increased density (scans 2a and 2b). Note the displacement of the ventricular system 

to the left. 
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width of the section to 0-8 cm. However, the number 
of photons is also reduced and the picture quality 
will therefore suffer to some small extent. 

3. Resolution of small detail anatomy 

For the present it is unlikely that the method will 
be able to provide sufficient resolution of small struc¬ 
tures. The practical problems presented by aque¬ 
duct stenosis, chiasmatic and optic nerve compres¬ 
sion or small tumour in the cerebello-pontine angles, 
are a few examples in this respect. At the present 
time pneumo-encephalography is the main method 
of investigation with cerebral arteriography used 
in a complementary role. 

Similarly, in the investigation of cerebral hae¬ 
morrhage, carotid and vertebral angiography remain 
the only effective methods for displaying the blood 
vessels and associated abnormalities, le. aneurysms, 
angiomas, spasm, athersclerotic disease, stenosis, 


or occlusion. However, in the overall investigation 
of cerebro-vascular disease, computerized trans¬ 
verse axial scanning will, without doubt, come to be 
an invaluable means of distinguishing between 
haemorrhage and infarction. 
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Book review 


Bone Loss in Normal and Pathological Conditions, By }. 
Dequeker, pp. xi-b2l4, 1972 (Kapellan, The Netherlands, 
Leuven University Press), 177 F. 

There are two main aims to the investigations which Dr. 
Dequeker has carried out; they are first the determination of 
normal standards of bone loss with age, and second the 
evaluation of bone loss in pathological conditions with 
respect to the loss observed in the normal state. 

Cortical bone loss is evaluated in terms of geometric 
properties of the shaft of the second metacarpal; the 
measurements on radiographs of shaft width and cortical 
thickness are readily performed by hand, requiring only a 
pair of calipers. A novel method of removing the influence 
of skeletal si^e on the results has been developed which is 
of considerable value in comparing different individuals, 
sexes and races. Dr. Dequeker makes the original observa¬ 
tion that at the start of adult life both whites and negroes 
of both sexes have the same amount of bone for a given 
skeletal size. 

Trabecular bone loss is evaluated from iliac crest biopsies 
and is expressed as a ratio of the volume of bone tissue 
within the biopsy to the external volume of the biopsy plug. 
The effects of trabecular bone loss from the spine are 
assessed in terms of a height/span index and from the bL 
concavity of the lumbar vertebral bodies. Interesting ob¬ 
servations of the site to site variability in the biopsy para¬ 
meters are made, and it is concluded that iliac crest biopsies 
do not permit changes in amount of bone to be followed in 
the individual. 


A great deal of valuable data is provided for each of the 
measured variables, many of which are age-related. Two 
variables shown to be independent of age are the vertebral 
biconcavity index and the composition of trabecular bone. 
In connection with the latter, the collagen solubility is 
shown to increase with age and is attributed to the increased 
intermolecular cross-linking. With the age-related norms 
established, bone remodelling is investigated in patients 
with symptomatic and disuse osteoporosis, and with endo¬ 
crine disorders. Endosteal bone loss is shown to be exag¬ 
gerated in patients with femoral neck fracture, disuse osteo¬ 
porosis of hemiplegia, rheumatoid arthritis, primary 
hyperparathyroidism and TurneFs syndrome. The diagnos¬ 
tic usefulness of a number of morphometric parameters of 
the metacarpal are compared in each disease category. Finally 
the effects of calcium infusion therapy in patients with 
vertebral collapse are described; in addition to clinical 
improvement, there was found to be a significant decrease in 
total hydroxy proline excretion. 

This book is concise and to the point, and although the 
bibliography is somewhat limited, sets the experiments which 
are described in their proper context. The logical progress 
of the book from experiment to experiment is highly com¬ 
mendable, and the provision of extensive tables of results 
makes it an invaluable addition to the library of those con¬ 
cerned with quantitative studies of bone in normal and disease 
states. 

A. Horseman. 
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Thoracic Radiology 

Willi A. Kalender, PhD • Wolfgang Seisskr * Ernst Klotz, DiplFhys * Peter Vock, MD 


Spiral Volumetric CT with Single-Breath-Hold 
Technique, Continuous Transport, and 
Continuous Scanner Rotation 1 


Continuous computed tomographic 
(CT) scanning of organ volumes 
during a single breath hold was 
studied. The authors modified the 
table feed mechanism of a continu¬ 
ously rotating CT scanner to allow 
patient transport at low, but accu¬ 
rately controlled, speeds (0*1-11*0 
mm/sec) during continuous 1-sec¬ 
ond scanning* An algorithm was de¬ 
signed to reconstruct artifact-free 
images for arbitrary table positions 
from the helical data by interpolat¬ 
ing between adjacent scans. Section 
sensitivity profiles were enlarged; 
the section width for a 10-mm sec¬ 
tion and a speed of 10.0 mm/sec was 
increased by a factor of 1.3, com¬ 
pared with the nominal value* Clin¬ 
ical examples were presented for 
studies of lung nodules and studies 
enhanced with contrast medium* 
Major advantages are the possibility 
of continuous scanning of extended 
volumes within a breath-hold peri¬ 
od and retrospective, arbitrary se¬ 
lection of anatomic levels* 

Index terms: Computed tomography (CT)* 
image quality * Computed tomography (CT), 
physics * Computed tomography (CT), technol¬ 
ogy • Lung, CTj 60-12H 

Radiology 1990; 176:131-183 


1 From Siemens Medical Systems, Henke- 
strasse 127, 8520 Erlangen, Federal Republic of 
Germany (W-A-SC-, W .$., E.K.) and the Depart- 
ment of Radiology* University of Bern, Swit¬ 
zerland (P.V.). From the 1989 RSNA annual 
meeting- Received December 22,1989; revision 
requested January 26,1990; revision received 
February 22; accepted March 12. Address re¬ 
print requests to W.A.K. 

* RSNA, 1990 



Figure 1* Sketch of the scanning geometry 
in spiral volumetric CT. “ time in sec¬ 
onds* z = section position. 


I N whole-body computed tomogra¬ 
phy (CT), inconsistent levels of 
inspiration from scan to scan or pa¬ 
tient motion may cause omission of 
some anatomic levels or repeated 
scanning of others. These factors may 
jeopardize the success of an examina¬ 
tion (eg, the search for and diagnosis 
of pulmonary nodules) (1-4), These 
inconsistencies will also disturb im¬ 
age quality in three-dimensional dis¬ 
plays and in multiplanar reforma¬ 
tions, in which discontinuities due to 
motion between scans are frequent. 
Also, respiration between scans pro¬ 
longs examination times; in particu¬ 
lar, contrast material-enhanced stud¬ 
ies of extended volumes cannot be 
completed within the vascular en¬ 
hancement phase (5—7). 

In this study, our aim was to con¬ 
tinuously scan complete organ vol¬ 
umes or subvolumes during a single 
breath hold. This can be achieved 
with CT scanners that allow continu¬ 
ous data acquisition over multiple ro¬ 
tations if the patient or object is si¬ 
multaneously transported continu¬ 
ously through the gantry. 

MATERIALS AND METHODS 
CT Equipment 

We used a standard continuously rotat¬ 
ing CT scanner (Somatom Plus; Siemens 
Medical Systems* Erlangen, Federal Re- 



Figure 2. Principle of image reconstruction 
in spiral volumetric CT. Planar data for arbi¬ 
trary table positions are calculated from the 
spiral data by means of linear interpolation. 


public of Germany) that produces up to 
12 consecutive 1-second scans. Tube cur¬ 
rents ranged from 250 mA for 5-second 
scanning to 170 mA for 12-second scan¬ 
ning; section thicknesses of 1* 2,5, 3, and 
10 mm were available. The x-ray tube has 
a storage capacity of 3,5 million heat 
units. 

In an experimental modification of the 
table feed mechanism, we incorporated a 
stepper motor to allow continuous trans¬ 
port of the patient at low* but accurately 
controlled* speeds (0.1-11.0 mm/sec) dur¬ 
ing scanning. 

Scanning Geometry and Image 
Reconstruction 

In this type of scanning, the x-ray focus 
performs a spiral motion on a virtual cyl¬ 
inder surface with a constant radius equal 
to the distance of focus to the center of ro¬ 
tation (Fig 1), Data that would have been 
obtained in planar geometry can be esti¬ 
mated for arbitrary table positions from 
the spiral data by interpolating between 
adjacent scans (Fig 2). For each angular 
position 0 and section position z, the pro¬ 
jection value F*(i*0) for detector element 
e is calculated as 

= (1 - tv) * Pjfttf) 4- w ■ Pj +1 (i^), 

where / i$ the number of the last scan 
reaching angle 0 before reaching position 
z, and Pj(ijS) is obtained at position Zy The 
weight w is calculated as (2 — 2 j)/d, where 
d is the table feed distance for every 360* 
scan and OSml 1. 
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Figure 4, Sensitivity profiles as a function 
of table speed for a nominal 10-rnm section. 
FIVHM = full width at half maximum, z = 
section position. 


These synthesized projection data sets 
undergo the standard image reconstruc¬ 
tion process. The position, spacing, and 
number of planes can be arbitrarily cho¬ 
sen within the scanned range. All the 
original spiral data are employed in gen¬ 
erating interpolated data; however, at 
both ends of the spiral—for a range of 
one table feed distance d —no planar im¬ 
age can be reconstructed with this inter¬ 
polation method. 

Phantom and Clinical Studies 

We employed water phantoms of 20 cm 
in circular diameter and 20 X 30-cm oval 
shape to assess noise characteristics and 
uniformity. A standard hole pattern was 
used to test spatial resolution. To deter¬ 
mine section sensitivity profiles, we em¬ 
ployed two polyethylene disks with a 
perforated sheet of polyvinyl chloride, 

0.1 mm thick, mounted between them. 
For standard CT, the phantom was ad¬ 
vanced in 0.5-mm increments; for spiral 
volumetric CT, the phantom was moved 
continuously, and images were recon¬ 
structed afterward in 0.5-mm increments 
as well. The CT number for a 30-mm-di- 
ameter circular region of interest placed 
in the central perforation was evaluated 
for both series of images and plotted as a 
function of table position to represent the 
section sensitivity profiles. The character¬ 
istics of artifacts were assessed in clinical 
studies of the thorax and abdomen (4,7), 
All performance measurements were tak¬ 
en at 120 kV, 170 mAs, and 10-mm section 
thickness; image reconstructions were 
done with the standard body convolution 
kernel. 


RESULTS 

Images reconstructed from spiral 
geometric data have artifacts that 
closely resemble the typical motion 
artifacts often encountered in clinical 
studies (Fig 3a). However, these ef¬ 
fects do not compromise image quali¬ 
ty when reconstructions are per¬ 
formed in planar geometry, as de¬ 
scribed previously (Fig 3b). 

Pixel noise values in the corrected 
images of a 20-tm water phantom 
were reduced by a factor of about 0.8, 
from 4.4 HU standard deviation in a 


a. b. 

Figure 3. Image quality in spiral volumetric CT scans, (a) Direct reconstruction from the 
spiral data results in motionlike artifacts. (b> Reconstructions frqm synthesized planar data 
are free from such artifacts. 


Figure 5. Spiral volumetric CT study of a pulmonary nodule (arrow) (12 1-second scans of a 
24-mm subvolume, 2-mm nominal section thickness, 2 mm/sec table feed). Nine consecutive 
reconstructions, spaced 1mm apart, are shown. 


standard 10-mm section to 3.6 HU in 
the spiral mode. The reduction factor 
is independent of the table speed; it 
is due to the interpolation between 
adjacent sections, independent of 
their spacing. The scanning mode 
did not affect image uniformity. Spa¬ 
tial resolution is also independent of 
the scanning mode; the measure¬ 
ments yielded resolution of the 0,6- 
mm holes in standard body mode for 


standard CT and for spiral volumet¬ 
ric CT. 

Section thicknesses, specified as 
the full width at half maximum of 
the section sensitivity profiles, were 
enlarged, compared with the nomi¬ 
nal values; in addition, the shape of 
the sensitivity profiles deteriorated 
compared with that of the ideal rect¬ 
angular profile (Fig 4), Effective sec¬ 
tion thickness values are included in 
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according to the ratio S/d. 

In spiral volumetric CT, reliable con¬ 
tinuity of sections is achieved in clini¬ 
cal studies, and omission of some ana¬ 
tomic levels and repeated scanning of 
others are prevented. These features 
are particularly important in searching 
for pulmonary nodules and in reliably 
depicting their center for densitometry 
Complete organ volumes or subvol¬ 
umes can be scanned in a single breath 
hold and, possibly more important, 
during the early vascular enhancement 
phase. The numbers of scans and 
breathing commands that the patient 
must follow are reduced considerably; 
these reductions may be considered ad¬ 
ditional practical advantages. 

Presently, spiral volumetric CT is 
limited primarily by the available x-ray 
power (ie, the limited milliampere set¬ 
tings, particularly for extended scan¬ 
ning times). This limitation is reflected 
in the decrease from 250 mA for 5-sec- 
ond scanning to 170 mA for 12-second 
and to 130 mA for 24-second scanning. 
Adequate computing power and data 
storage capacities can certainly be pro¬ 
vided in the future, even for extended 
volumetric scanning. The limitation of 
a single-breath-hold period of 12 sec¬ 
onds or less in our studies can be justi¬ 
fied for whole-body CT by practical pa¬ 
tient-related considerations. However, 
this limitation above all constitutes a 
pragmatic decision, a compromise 
aimed at providing both sufficiently 
high tube currents and adequately long 
spiral scanning intervals. The impor¬ 
tance of the high-power x-ray tube 
available to us is evident. Still, the high 
potential of spiral volumetric CT can 
only be fully exploited with further im¬ 
provements in x-ray power. ■ 
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Figure 6. Spiral volumetric CT study, enhanced with contrast material, of multiple metas¬ 
tasis in the Liver from carcinoma of the colon (121-second scans of a 120-mm sub volume, 10- 
mm nominal section thickness, 10 mm/sec table feed). Sixteen consecutive reconstructions, 
spaced 5 mm apart, are shown. 


Figure 4 for a 10-mm section as a 
function of the table feed. For a table 
feed value of 10 mm/sec, the effec¬ 
tive section width was enlarged by a 
factor of 1.3, 

In our preliminary investigations in 
patients with focal lung disease, spiral 
volumetric CT demonstrated the le¬ 
sions in a continuous sequence in all 
20 cases studied (4), Because images 
can be reconstructed for arbitrary ta¬ 
ble positions, the center of the lesion 
could always be depicted in a manner 
suitable for size assessment and densi¬ 
tometry (Fig 5). In 20 contrast materi- 
al-enhanced studies of the liver, we 
examined volumes of 12 X 10 mm in 
extent with spiral volumetric CT per¬ 
formed with a bolus injection tech¬ 
nique in a single-breath-hold period 
of 12 seconds (Fig 6). 

DISCUSSION 

From principal considerations, truly 
continuous scanning, independent of 
breathing or other patient motion, de¬ 
mands continuous data acquisition and 
patient transport (ie, a helical or spiral 
scanning geometry). Respective ideas 
have been promoted only in the patent 
literature (S); however, to our knowl¬ 


edge, no practical solution has been 
presented until now. The advent of 
continuously rotating CT scanners and 
of electron beam scanners, in principle, 
provided the necessary technical basis. 
The adaptation of the table feed mecha¬ 
nism to continuously transport the pa¬ 
tient in synchrony with continuous 
data acquisition, although labeled ex¬ 
perimental in this first report, can be 
considered state of the art. 

The physical performance character¬ 
istics of spiral volumetric CT con¬ 
formed to expectations. Noise is slight¬ 
ly reduced because the synthesized pla¬ 
nar data are derived by means of 
interpolation. Section sensitivity pro¬ 
files are filtered or convolved with a 
smoothing function and widened due 
to transport during scanning. Ail other 
performance parameters are un¬ 
changed; this applies to spatial resolu¬ 
tion, uniformity, linearity, and con¬ 
trast, This had to be expected because 
sampling parameters, the effective en¬ 
ergy of the spectrum, beam hardening 
effects, and possible scatter contribu¬ 
tions remain unchanged. Radiation 
dose to the patient also remains un¬ 
changed if one chooses a table feed dis¬ 
tance d per scan equal to the nominal 
section thickness 5. For overlapped spi¬ 
ral scanning, the dose will be increased 
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Chapter 2 Magnetic Resonance Imaging 


Introduction 

Magnetic resonance imaging is a relatively new radiological technique. The mag¬ 
netic properties of nuclei, which form the basis of MRI, were first measured by 
Isidor Rabi in the 1930s. Felix Bloch and Edward Purcell independently discovered 
nuclear magnetic resonance in 1946. All these three pioneers went on to receive 
the Nobel Prize for physics, Rabi in 1944 and Bloch and Purcell in 1952. 

In 1973 Paul Lauterbur, who was working at the State University of New York at 
Stony Brook, discovered that it was possible to make two-dimensional images of a 
sample by adding a gradient to the magnetic field. The paper was published on 16 
March 1973 in Nature and was titled ‘Image formation by induced local interaction 
examples employing magnetic resonance’. Lauterbur, professor of chemistry, 
named this new technique zeugmatography (from the Greek zeugmo, meaning 
yoke or a joining together). This experiment enabled the single dimension of 
NMR spectroscopy to move into the spatial orientation, which is the basis of MRI. 
Dr Raymond Damadian discovered the basis for using magnetic resonance imag¬ 
ing as a tool for medical diagnosis. He found that different kinds of animal tissue 
emitted different signals, which varied in length, and that cancerous tissues emit¬ 
ted signals that lasted longer than those from non-cancerous tissues. He filed a 
patent for this entitled ‘An apparatus and method for detecting cancer in tissue’, 
which was granted in 1974 and this was the world’s first patent issued in the field 
of MRI. By 1977 Dr Damadian had completed construction of the first whole-body 
MRI scanner. 

In 1974 in vivo NMR spectroscopy was introduced in Oxford under the pio¬ 
neers George K. Radda and Rex E. Richards. Other members of this research team 
included Hoult and Gadian, who carried out important early work on MRI spec¬ 
troscopy. 

In 1975 Peter Mansfield and Andrew Maudsley from Nottingham proposed a 
line technique, which in 1977 led to the first image of in vivo human anatomy, a 
cross section through a finger. The following year Mansfield presented his first 
image through the abdomen. In 1977 the Nottingham team, including Brian 
Worthington, succeeded in producing an image of a wrist. This was followed by 
more human thoracic and abdominal images and by 1978 Hugh Clow and Ian R. 
Young, working at EMI, reported the first transverse NMR image through the hu¬ 
man head. By 1980 William Moore and his colleagues had presented first coronal 
and sagittal images through the human head. More pioneering research in Britain 
was conducted at the University of Aberdeen under the group of John Mallard. 
They developed the spin warp technique. Their team published the first image 
through the body of a mouse in 1974. Peter Mansfield further developed the use of 
gradients in the magnetic field. He was a pioneer in the fast imaging techniques 
such as echo planar imaging. This was introduced in the 1980’s. The first commer¬ 
cial cryogenic magnet in Europe was installed in Manchester (Isherwood and 
Pullan). In the 1980s fast imaging techniques were developed by Jurgen Hennig 
from the University of Freiburg, who introduced RARE (rapid acquisition and re¬ 
laxation enhancement) imaging in 1986. This is now better known as fast or turbo 
spin echo imaging. Gradient echo sequences were introduced by Haase and col¬ 
leagues from the Max Planck Institute in Gottingen. Roger Ordridge from 
Mansfield’s group in Nottingham presented the first movie in 1981. In 1984 Dennis 
H. Carr from the Hammersmith Hospital MRI group and Wolfgang Schorner from 
Berlin published the first images using the intravenous MRI contrast agent, 
gadolinium DTPA dimeglumine, in man. Magnetic resonance imaging has result¬ 
ed in the award of two Nobel Prizes in chemistry. In 1991 Richard Ernst from 
Switzerland was awarded the Nobel Prize for his contributions to the development 
of the use of nuclear magnetic resonance spectroscopy. In 2002 Kurt Wuthrich 
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from Switzerland also was awarded the Nobel Prize for the development of NMR 
spectroscopy for determination of three-dimensional structure of biological 
macromolecules. In 2003 Dr Lauterbur and Dr Mansfield were awarded the Nobel 
Prize in medicine for their pioneering researches. Clinical studies using this new 
technique proliferated throughout the 1980s and now MRI is used in the investiga¬ 
tion of neurological, and musculo-skeletal disorders as well in cancer. New se¬ 
quences continued to be discovered, including the inversion recovery sequences 
described by Bydder and Young. Today MRI has progressed such that functional 
imaging is possible, allowing both anatomical and physiological information to be 
obtained in patients. The technique of diffusion-weighted imaging today allows 
more accurate assessment of patients with strokes, as do techniques involving per¬ 
fusion imaging. Technological innovations in magnet design include open mag¬ 
nets which enable interventional procedures to be conducted under MRI imaging 
guidance 


References 

Rabi I, Cohen VW (1933) The nuclear spin of sodium Physical Review 43:582 

Rabi I, Cohen VW (1934) Measurement of nuclear spin by the method of molecular beams: 

The nuclear spin of sodium Physical Review 46: 707-712 The Physical Review 
Bloch F, Hansen WW, Packard ME (1946) Nuclear Induction. Physical Review. 69:127-129 
Purcell EM, Torrey HC, Pound RV (1946) resonance absorption by nuclear magnetic mo¬ 
ments in a solid. Physical Review 69:37-38 

Ernst RR, Anderson WA (1966) Anwendung von Fourier-Transformation Spektroskopie zur 
Magnetresonanz, Polwender Sci. Instrum. 37:93 
Hutchison JMS, Mallard JR, Goll CC (1974) In vivo imaging of body structures using proton 
resonance. Proc 18 th Ampere Congress (Ed. PS Allen, ER Andre and CA Bates) pp 283- 
284, University of Nottingham. 

This is one of the first descriptions of a relaxation time image showing pathology (using 
a whole mouse). The colour coded image is illustrated in "In vivo NMR imaging in medicine" 
Phil. Trans. R. Soc. London 1980 pp 519-533, plate 1. 

Edelstein WA, Hutchison JMS, Johnson G, Redpath TW (1980) Spin Warp NMR imaging and 
its application to whole body imaging, Physics Med. Biol. 25: pp 751-756 
An important paper addressed by all the major manufacturers. 

Smith FW, Mallard JR, Hutchison JMS et al. (1981) Clinical application of nuclear magnetic 
resonance. Lancet I: pp 78-79 

One of the earliest clinical papers dealing with body images from the Aberdeen group 

Young IR, Brul M, Clarke GJ et al. (1981) Magnetic properties of hydrogen: Imaging the pos¬ 
terior fossa. AJR 187: pp 895-901 

This paper provides the reasons why MR was considered superior to CT in posterior fossa imag¬ 
ing. 

Mansfield P, Blamire AM, Coxon R et al. (1990) Snapshot echo-planar imaging methods: 

current trends and future perspectives Phil. Trans. R. Soc. Lond. A, 333: pp 495-506 
Worthington BS, Firth JL, Morris GK et al. (1990) The clinical potential of ultra-high-speed 
echo-planar imaging Phil. Trans. R. Soc. Lond. A 333: pp 507-514 
These two papers are really review papers but provide all the references to Mansfield's work on 
echo-planar imaging for which in part he was awarded the Nobel prize and Worthington elect¬ 
ed FRS 

Hoult Dl, Busby SJW, Gadian DG et al. (1974) Observation of tissue metabolites using 31 p 
nuclear magnetic resonance. Nature 252: pp 285-287 
This paper demonstrated that high resolution spectra, particularly from 31 p could be obtained 
from intact tissue samples. 

Haase A, Frahm JM, Matthaei D, Haenicke W, Merboldt KD (1986) FLASH imaging. Rapid 
NMR imaging using low flip angle pulses. J Magn Resonance 67:93-102 
Early description of gradient echo imaging 




72 


Chapter 2 Magnetic Resonance Imaging 


Hennig J, Friedburg H, Stroebel B (1986) Rapid non-tomographic approach to MR myelog¬ 
raphy without contrast agents. JCAT 10:375-378 
Early description of what is now known as turbo-spin echo sequence 

Young IR, Hall AS, Pallis CA, Legg NJ, Bydder GM, Steiner RE (1981) Nuclear Magnetic 
Resonance Imaging of the brain in multiple sclerosis Lancet ii: 1063-6 
Early description ofmri in the diagnosis of multiple sclerosis 

Schenk JF, Jolesz FA, Roemer PB, Cline HE, Lorensen WE, Kikinis R et al. (1995) 
Superconducting open - configuration MR imaging system for image guided therapy. 
Radiology 195:805-814 

First description of open superconducting mri system 




73 


2.1 Measurement of nuclear spin by the method 
of molecular beams 


Isidor Isaac Rabi (1898-1988) 

Isidor Isaac Rabi was born in Raymanov, Austria, on 29 July 1898, the son of David 
Rabi and Janet Teig. He was brought to the United States by his family, in 1899, and 
his early education was in New York City (Manhattan and Brooklyn). In 1919 he 
graduated Bachelor of Chemistry at Cornell University (New York). After three 
years in non-scientific jobs, he started postgraduate studies in physics at Cornell 
in 1921, which he later continued at Columbia University. In 1927 he received his 
PhD degree for work on the magnetic properties of crystals. Aided by fellowships, 
he spent two years in Europe, working at different times with Sommerfeld, Bohr, 
Pauli, Stern, and Heisenberg. On his return in 1929 he was appointed lecturer in 
Theoretical Physics at Columbia University, and after promotion through the var¬ 
ious grades became professor in 1937. 

In 1940 he was granted leave from Columbia to work as Associate Director of 
the Radiation Laboratory at the Massachusetts Institute of Technology on the de¬ 
velopment of radar and the atomic bomb. In 1945 he returned to Columbia as ex¬ 
ecutive officer of the Physics Department. In this capacity he was also concerned 
with the Brookhaven National Laboratory for Atomic Research, Long Island, an 
organization devoted to research into the peaceful uses of atomic energy. 

His early work was concerned with the magnetic properties of crystals. In 1930 
he began studying the magnetic properties of atomic nuclei, developing Stern’s 
molecular beam method to great precision as a tool for measuring these proper¬ 
ties. His apparatus was based on the production of ordinary electromagnetic os¬ 
cillations of the same frequency as that of the Larmor precession of atomic sys¬ 
tems in a magnetic field. By an ingenious application of the resonance principle he 
succeeded in detecting and measuring single states of rotation of atoms and mole¬ 
cules and in determining the mechanical and magnetic moments of the nuclei. 

Prof. Rabi published his most important papers in The Physical Review, of 
which he was an Associate Editor for two periods. In 1939 he received the Prize of 
the American Association for the Advancement of Science and in 1942 the Elliott 
Cresson Medal of the Franklin Institute. He was awarded the Medal for Merit, the 
highest civilian award in World War II, in 1948, the King’s Medal for Service in the 
Cause of Freedom the same year, and is an Officer of the Legion of Honour. 

He was an honorary DSc of Princeton, Harvard, and Birmingham universities. 
He was a Fellow of the American Physical Society (its President in 1950) and a 
member of the National Academy of Sciences, the American Philosophical 
Society, and the American Academy of Arts and Sciences. In 1944 he was awarded 
a Nobel Prize in physics. 

In 1959 he was appointed a member of the Board of Governors of the 
Weizmann Institute of Science, Rehovoth, Israel. He held foreign memberships of 
the Japanese and Brazilian Academies, and was a member of the General Advisory 
Committee to the Arms Control and Disarmament Agency and of the United 
States National Commission for UNESCO. At the International Conference on 
Peaceful Uses of Atomic Energy (Geneva, 1955) he was the United States delegate 
and Vice-President. He was also a member of the Science Advisory Committee of 
the International Atomic Energy Agency. 
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Dr. Rabi married Helen Newmark in 1926. They had two daughters. His recre¬ 
ations were travel, walking, and the theatre. Isidor Isaac Rabi died in 1988. 

From Nobel Lectures, Physics 1942-1962, Elsevier Publishing Company, 
Amsterdam 


V.W. Cohen 
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A simple method of velocity selection of arbitrary re¬ 
solving power for atomic and molecular beams is described. 
The method consists in spreading the beam into a velocity 
spectrum, through the action of external fields, and then 
selecting a portion thereof by means of a movable selector 
slit* Since all the atoms of the beam of the given velocity 
interval are utilized, this type of selection has the maximum 
efficiency, Jn addition a method of focussing the selected 
beam to increase intensity and resolution is applied, A 


ballistic method of using the surface ionization detector 
was evolved extending its use to beams of exceedingly low 
intensity. A selected beam of slow Na atoms, obtained and 
measured in this fashion, was analyzed in a weak and 
inhomogeneous magnetic field. Four distinct peaks of 
equal intensity were obtained which represent the (2i+l) 
nuclear magnetic levels. The spin of the Na nucleus is 
accordingly equal to 3/2, in units of h/2ir . 


Introduction 

T HE most direct demonstration of the space 
quantization of angular momentum was the 
celebrated Stem-Gerlaeb experiment. The pur¬ 
pose of the experiments to be described is to 
demonstrate and measure the angular momen¬ 
tum of the nucleus directly by means of its 
effect on the space quantization of the angular 
momentum of the extranuclear configuration in 
a magnetic field. 

The influence of a magnetic field on the differ¬ 
ent magnetic levels of an atom with nuclear spin 
V situated therein has been described in pre¬ 
vious papers. 1 3 For the particular case of the 
alkalis in their normal states, values of the 
magnetic moments of the various magnetic 
levels as functions of the magnetic field are 
Fhown in Fig. 1 for the nuclear spin 3 / 2 . The 
total number of magnetic levels is always 
2(2/+lJ* 

The schematic arrangement of the experiment 
[s shown in Fig. 2 . A narrow beam of sodium 
atoms, defined by slits 5 | and 5 a is allowed to 
pass through a magnetic velocity selector con¬ 
sisting essentially of an inhomogeneous magnetic 
field which spreads the beam into the usual veloc¬ 
ity spectrum, the field being of sufficient intensity 
to cause a rather complete decoupling between 
electronic and nuclear spins. For sodium a field of 
20110 gauss is sufficient. In this case the magnetic 
moments of the 2f+l levels arising from a par¬ 


ticular value of ntj differ very slightly. By means 
of a movable selector slit 5s a portion of the beam 
is selected for further analysis. After passing 
through 5 a the beam is homogeneous to an 
extent to be described below and contains atoms 
in equal numbers in all the magnetic levels aris¬ 
ing from the 24+1 values of but associated 
with only one value of m It namely, +1/2 or — l/2 t 
depending on the direction of the field. The 
beam is then permitted to pass through a second 
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1 lirdt and Rabi, Phys. Rev. 38 f 2082 (1931). Fig. 1. Variation of the magnetic moments (in Bohr 

1 Rabi and Cohen, Phys, Rev, 43, 582 (1933), magnetons) of the atoms in the different magnetic levels for 

1 Rabi, Kellogg and Zacharias, Phys. Rev. 46, 157 (1934). * = 3.2 plotted against x = (2^ fl . k 
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Fig* 2. Schematic arrangement of the slits and field showing 
the selected and scattered beams. 

field of the Stern-Gerlach type. The field is so 
chosen that there is strong coupling between the 
nuclear and electronic spins* For sodium this 
field is of the order of 300 gauss. This brings us 
into the region of x— 1/2 in Fig. L The atoms are 
subject to forces which are different for each of 
the 2 i +1 magnetic levels and the beam is there¬ 
fore separated into 2i+l components, since it is 
homogeneous in velocity. The spin is evaluated 
by merely counting the number of peaks in the 
deflection pattern* 

Apparatus 

The apparatus, (Fig. 3) constructed of solder- 
coated brass tubing, is divided into two sections, 
an oven chamber and an observation chamber. 
These are connected by a ground joint cemented 
with picien wax. Each half of the system is 
pumped independently, the oven chamber being 
connected to a fast three stage mercury diffusion 
pump while the observation chamber is pumped 
by two umbrella type single stage diffusion 
pumps. During the runs a "sticking 31 vacuum as 
measured by a McLeod gauge is maintained in 
both parts of the system. Connections for the 
pumps, gauge and electrical leads are made 
through ground joints. Mercury and grease 
vapors are frozen out with liquid air traps. 

The oven and oven slit are constructed of 
nickel and show no signs of corrosion by the 
alkali metal. The bottom is cut with three radial 
grooves which rest on three nickel pegs fastened 
firmly to the floor of the oven chamber. This 
three point support permits the oven to be re¬ 
moved and replaced accurately to the same posi¬ 
tion. The narrowness of the pegs and the small 
area of contact with the oven serve to insulate it 
from the floor of the chamber which is water- 
cooled. 

The oven is heated by two spirals of 10 mil 
tungsten wire enclosed in holes drilled in the body 


of the oven above and below the slit. This ar¬ 
rangement serves to keep the region near the 
slit at a temperature slightly higher than the 
rest of the oven, A copper constantan thermo¬ 
couple is inserted into the body of the oven for 
temperature measurement* The oven well is 
covered with a tapered monel metal plug. This 
plug is 1 hollowed out to permit the alkali vapor 
to reach the slit through a canal and at the 
same time to check the creeping of the liquid 
metal along the nickel surface to the slit. The 
jaws forming the oven slit are set 0,013 mm apart. 

The collimating slit *S £ , 0*016 mm wide and y 
cm from the oven slit, is set in a disk which can 
be rotated by means of a screw about the axis 
of the beam. If the observation chamber and one- 
half of the collimating slit be removed, the oven 
slit is observable from the observation side of 
the collimating slit. The one edge of the slit re¬ 
maining is then adjusted parallel to the oven 
slit with the aid of a tele microscope and a filar 
micrometer. The two slits must then be adjusted 
laterally so that the plane of the beam is aimed 
parallel to the edges of the pole peices of the 
magnets. This is determined by sighting at the 
oven slit through the observation chamber with 
a telescope and filar micrometer. 

The Velocity Selector 

A large Dubois magnet (A f Figs, 2 and 3) 
fitted with pole pieces of the Stern-Gerlach type 
6 cm long with a furrow 8 mm wide and a knife 
edge 4 mm distant furnishes the magnetic field. 
The selector slit >S 3 , 0.035 mm wide, was mounted 
eccentrically on a ground joint and was movable 
by rotating the joint. The distance from colli¬ 
mator to the selector was 10 cm and the two w T erc 
adjusted parallel to each other by rotation of the 
large ground joint which connects the oven 
chamber to the detecting chamber. 

Since the deflection of an atom in a constant 
field of force perpendicular to its original direc¬ 
tion of motion is given by $ = const*/^ we have 
dv/v=ds/2s. Under the conditions of this experi¬ 
ment dv/v was of the order of 1/10. The velocity 
selected is varied simply by changing the mag¬ 
netic field. The resolution can be varied by 
changing the position of the selector slit. 

Where it is undesirable to make the velocity 
selection with a magnetic field, the same result 
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can orobably be attained by spreading the beam 
into a velocity spectrum by means of an inhomo¬ 
geneous electric field. For heavy atoms or mole¬ 
cules even the gravitational field of the earth is 
not out of the question. The principal technical 
difficulty which is always involved when a 
velocity selection is made is to detect the much 
enfeebled beam. 

The Analyzer 

The analyzer follows directly after the selector 
slit and consists of two magnets having pole 
meces similar to magnet A but the first being 
it cm long and the second 16 cm, with 1.5 cm 
gnace between the two. The first magnet B 
supplies the weak analyzing field and is made 
long in order to obtain sufficient deflection with 
the small forces available. Magnet Chas a strong 
field and serves as a focussing device. The pole 
Dieces of the magnets are so arranged that the 
mrrows of the B and C magnets are on the same 
side of the beam as the knife edge of the A mag¬ 
net. This is important for the purpose of resolv- 
me the different components. The reason for 
this can be seen by considering the fact that the 
selected beam contains a finite velocity range. 
From, any portion of the original beam the faster 
atoms pass through the selector slit on the side 
nearer the original beam and the slower atoms on 
the farther side since the slower atoms suffer the 
greater deflection. A subsequent deflection in a 
field similar to the first would therefore broaden 
die beam still further. Even if the field in the 
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second magnet is reversed this is still the 
case because an atom with its magnetic moment 
oriented parallel to the field will be deflected 
toward the strong field (and vice versa for those 
opposed to the field). If the second field is re¬ 
versed in direction the magnetic moment will 
change in direction to follow the direction of the 
field since the rate of change is small in the period 
of the Larmor precession. This is to be expected 
from the theorem of adiabatic transformability 
applied to the space quantization with respect 
to the field. However, by changing the pole pieces 
about, the stronger field is now in the opposite 
direction and the forces acting, being opposite 
to those in the first field cause the beam to be¬ 
come narrower instead of broader. 

Magnet C has a strong field in which all the 
components are subject to the same force and the 
effect is to displace the whole deflection pattern 
toward the center and thus increase the resolu¬ 
tion. Magnet C has also another very important 
r6le due to the fact that in addition to the selected 
beam some atoms scattered in the oven chamber 
pass through the collimator in the direction of the 
selector slit and form an additional beam. This is 
represented by the broken line in Fig. 2. These 
atoms have the Maxwellian distribution of 
velocities and are fast compared to the selected 
beam. This scattered beam comes nearer the 
center than the selected beam. Although these 
atoms form about one-five hundredth the total 
beam intensity, the velocity selection cuts down 
the intensity to such an extent that the scattered 
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atoms are as numerous as the selected atoms. 
The effect of magnet C is to shift the entire de¬ 
flection pattern away from the region of this 
scattered peak so as to make the interpretation 
of the results unambiguous* 

The Detector 

Detection was effected by means of the sur¬ 
face ionization detector, 4 The 2 mil tungsten 
filament was mounted eccentrically on a ground 
joint and was moved laterally by turning the 
joint. The wire was supported by two adjustable 
arms so that it could be set parallel to the slit 
system. For the detection of sodium the wire 
must, be provided with an oxide coat to raise 
its work function. No special method was used 
to obtain this coating. When a wire is first used 
it is carefully heated for a short time at about 
180G°K until most of the oxide is driven off. 
After the beam is detected the wire is heated 
again until the residual positive ion current 
when the wire is outside the beam is reduced to 
about i 0 -13 amp. with the filament at a dull red 
heat* If too much of the oxide has been removed 
the wire can usually be activated by admitting a 
small quantity of air into the apparatus with the 
filament at about 14Q0°K* With the beam 
intensities used in this experiment a well sensi¬ 
tized filament will remain so for the entire run. 
The filament is maintained at a potential of 
45 volts above ground* The positive ion current 
is measured by means of an FP-54 vacuum 
tube amplifier with a grid leak of 5Xl0 8 ohms. 
With the galvanometer used the current sensi¬ 
tivity was 10 _l4 A/mm. 

The selected beam is usually too weak to 
measure directly because of background fluctua¬ 
tions. However, by allowing the sodium atoms to 
deposit on the cold filament from one to three 
minutes and then suddenly heating the filament, 
large ballistic throws were obtained* The multi¬ 
plication factor over the direct beam readings 
was 20 per minute of deposition. This method 
eliminates the effect of background fluctuations. 
All the points except those of Fig* 3 were taken 
in this way. The galvanometer readings are al¬ 
most proportional to the amount of sodium 
deposited if the background is less than the net 


4 Taylor, Zeits. f. Physik 57, 242 (1929). 


ballistic reading (ballistic throws minus the 
background). 

Procedure 

The sodium used was doubly distilled in vac¬ 
uum. When the oven is to be loaded the still is 
cracked and the sodium dropped directly into a 
dish of petroleum ether and is then transferred to 
the oven. The lid Is then pressed in, the oven set 
in place and the system is evacuated. During the 
loading process the sodium is in contact with the 
air for a fraction of a second and with the pe* 
troleum ether for the time taken to evacuate 
the oven through the slit. The oven is heated 
slowly to about 200°C to help remove the pe¬ 
troleum ether and occluded gas after which the 
oven is allowed to cool and stand overnight 
under vacuum. 

In preparation for a run the oven Is heated at 
the rate, of 3°C per minute until the beam is 
first detected at about 300°. The heating rate 
is then slowed down gradually until 360° is 
reached, at which temperature the beam inten¬ 
sity is sufficiently high for convenient working 
conditions. The galvanometer deflection in the 
center of the beam is about 10 3 cm, while the 
vapor pressure in the oven is about 0.2 mm Hg. 

When the beam intensity lias become stabilized 
the A field is turned on and the deflection pat¬ 
tern observed. The initial beam and the A field 
deflection pattern are shown in Fig. 4. 

The A field Is then thrown off and the selector 
slit is turned into the center of the beam. This 
gives a fiduciary position from which slit is 
turned so that atoms of the required velocity 
will be selected. The velocities used in this experi¬ 
ment correspond to an energy of about 1/2 kT . 
On Fig. 4 this would correspond to atoms which 
would arrive at about 80 on the scale. The lou 
velocity is necessary in order to obtain sufficient 
resolution because of the small forces in the 
analyzing field. The resulting beam is shown in 
Fig. 51. The peak at 78 is the selected beam and 
the one at 71 is the scattered beam. The C field 
is then turned on and the selected beam is de* 
fleeted to the other side of the scattered beam as 
in Fig. 511. It Is to be noted that the scattered 
beam does not change its position appreciably 
The analyzing field is then turned on and the 
deflection patterns are observed for the differ¬ 
ent values of the field* 
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Fig. 4. Experimental curve of the direct beam (full line) 
and deflection pattern obtained with A field alone (dotted 
linef The ordinate scale of the dotted curve is 5 times that 
of the full curve. 

Fig. 5. Experimental curve of selected and scattered 
beams; curve I without C field and curve II with C field. 
The B field was zero in each case. 

FlfJ. 6. Deflection pattern with 55 m.a, through B mag^ 
net, A and C fields as in Fig. 5. 


Results 

The different deflection patterns obtained with 
the various values of the current through the 
analyzing magnet B are shown in Figs. 6 - 10 . 
In Fig. 6 the resolution is not yet sufficient to re¬ 
solve all the peaks. Fig, 7 , taken at a somewhat 
higher field shows the pattern shifted toward the 
left, that is, toward the position of the original 



Fie. 7, Same as in Fig. 6 with B magnet current 70 m.a. 
Fig. 3. Same as in Fig. 6 with B magnet current 35 m.a. 
Fig. 9. Same as in Fig. 6 with B magnet current 110 m.a. 


beam and show’s four clearly resolved peaks. The 
shelf on the right is due to the scattered atoms. 
Fig, 8 shows this still better and the scattered 
atoms are now almost separated from the pattern 
of the selected atoms. Fig. 9 shows the scattered 
atoms in a stronger held being split up into the 
ordinary Stern-Gerlach pattern, the center of 
which still remains at the original position of 70 
scale divisions, while the deflection pattern of the 
selected atoms already shows the setting on of 
the Faschen-Back effect in the failure to resolve 
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the two furthest peaks. Fig, 10 f taken at a much 
higher held where the PasehemBack effect ts well 
advanced no longer shows the individual peaks. 
The scattered atoms are still further split in the 
Stem-Gerlach pattern with the center still at the 
same position although the selected atoms have 
been shifted a distance well over a millimeter. It 
is also of interest to note that one of the peaks 
in Figs. 6 and 7 are actually to the right of the 
position of the selected beam showing that these 
components have magnetic moments in weak 
fields opposite in sign to the strong field case as is 
to be expected for values of x less than 1/2 
(Fig, 1), 

The four peaks obtained are of practically the 
same intensity, which is to be expected and have 


the width of the original beam. Since the number 
of peaks is equal to 2 i-\- 1, the spin of the sodium 
nucleus is 3/2 in units of h/2r * 

It should be mentioned that since this result is 
obtained only by counting the number of peaks, 
it is independent of any assumption as to the 
Maxwellian distribution of molecular velocities, 
or of any measurements of field, gradient or of 
the temperature of the oven. 


* This value of the nuclear spin has been confirmed since 
our first publication (Phys. Rev, 43, 582 (1933)} by Joffe 
from intensities in the band spectrum of the Na s molecule 
(Phys, Rev, 45, 468 ( 1934 )) by Granath and Van Atia from 
intensity measurements of the hyperfine structure of the 
resonance lines (Phys. Rev, 44, 935 (1933)) and by Hevden- 
burg and Ellett from the polarization of resonance radiation 
of Na m a weak magnetic field, (Phys. Rev, 44, 326 ( 1933 )), 
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Felix Bloch (1905-1983) 


Felix Bloch was born in Zurich, Switzerland, on 23 October 1905, the son of Gustav 
Bloch and Agnes Bloch (nee Mayer). From 1912 to 1918 he attended the public pri¬ 
mary school and subsequently the “Gymnasium” of the Canton of Zurich, which 
he left in the fall of 1924 after having passed the “Matura”, i.e. the final examina¬ 
tion which entitled him to attend an institution of higher learning. 

Planning originally to become an engineer, he entered directly the Federal 
Institute of Technology (Eidgenossische Technische Hochschule) in Zurich. After 
one year’s study of engineering he decided instead to study physics, and changed 
therefore to the Division of Mathematics and Physics at the same institution. 
During the following two years he attended, among others, courses given by 
Debye, Scherrer and Weyl, as well as Schrodinger, who taught at the same time at 
the University of Zurich and through whom he became acquainted, toward the 
end of this period, with the new wave mechanics. Bloch’s interests had by that time 
turned toward theoretical physics. After Schrodinger left Zurich in the fall of 1927 
Bloch continued his studies with Heisenberg at the University of Leipzig, where he 
received his degree of Doctor of Philosophy in the summer of 1928 with a disserta¬ 
tion dealing with the quantum mechanics of electrons in crystals and developing 
the theory of metallic conduction. Various assistantships and fellowships, held in 
the following years, gave him the opportunity to work with Pauli, Kramers, 
Heisenberg, Bohr, and Fermi and led to further theoretical studies of the solid 
state as well as of the stopping power of charged particles. 

Upon Hitler’s ascent to power, Bloch left Germany in the spring of 1933, and a 
year later he accepted a position which was offered to him at Stanford University. 
The new environment in which he found himself in the United States helped to¬ 
ward the maturing of the wish he had had for some time to undertake also exper¬ 
imental research. Working with a very simple neutron source, it occurred to him 
that a direct proof for the magnetic moment of the free neutrons could be ob¬ 
tained through the observation of scattering in iron. In 1936, he published a paper 
in which the details of the phenomenon were worked out and in which it was 
pointed out that it would lead to the production and observation of polarized neu¬ 
tron beams. The further development of these ideas led him in 1939 to an experi¬ 
ment, carried out in collaboration with L.W. Alvarez at the Berkeley cyclotron, in 
which the magnetic moment of the neutron was determined with an accuracy of 
about 1%. 

During the war years Dr. Bloch was also engaged in the early stages of the work 
on atomic energy at Stanford University and Los Alamos and later in counter¬ 
measures against radar at Harvard University. Through this latter work he became 
acquainted with the modern developments of electronics which, toward the end of 
the war, suggested to him, in conjunction with his earlier work on the magnetic 
moment of the neutron, a new approach toward the investigation of nuclear mo¬ 
ments. 

These investigations were begun immediately after his return to Stanford in the 
fall of 1945 and resulted shortly afterward in collaboration with W.W. Hansen and 
M.E. Packard in the new method of nuclear induction, a purely electromagnetic 
procedure for the study of nuclear moments in solids, liquids, or gases. A few 
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weeks after the first successful experiments he received the news of the same dis¬ 
covery having been made independently and simultaneously by E.M. Purcell and 
his collaborators at Harvard. Most of Bloch’s work in the subsequent years was de¬ 
voted to investigations with the use of this new method. In particular, he was able, 
by combining it with the essential elements of his earlier work on the magnetic 
moment of the neutron, to remeasure this important quantity with great accuracy 
in collaboration with D. Nicodemus and H.H. Staub (1948). In 1954, Bloch took a 
leave of absence to serve for one year as the first Director General of CERN in 
Geneva. After his return to Stanford University he continued his investigations on 
nuclear magnetism, particularly in regard to the theory of relaxation. 

In 1961, he received an endowed Chair by his appointment as Max Stein 
Professor of Physics at Stanford University. In 1952 he shared the nobel prize in 
physics with Purcell. Prof. Bloch married in 1940 Dr. Lore Misch, a refugee from 
Germany and herself a physicist. Felix Bloch died in 1983. 

From Nobel Lectures, Physics 1942-1962, Elsevier Publishing Company, Amster¬ 
dam 


W.W. Hansen 
M.E. Packard 
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electric accelerating; fields are to be obtained by replacing 
the usual "dee” assembly and acceleration chamber by a 
cavity resonator, similar to types now commonly employed 
in radar. The use of such a cavity becomes practical only 
in an iron-less device, because of the limitation imposed by 
the air-gap in present accelerators. 

The maximum orbit radius is to be small. This requires 
a large guiding magnetic field, but at the same time greatly 
reduces the volume through which this field must be 
maintained. It, therefore, appears practicable to immerse 
the entire accelerator in a liquified gas, such as hydrogen or 
nitrogen. Cooling the assembly materially reduces ohmic 
resistance losses in the field windings, and thus simplifies 
the problem of passing large current pulses. It has also the 
advantage of increasing the t( Q n of the resonator. 

Although many of the commoner types of cavity resona¬ 
tors 7 exhibit electric field configurations adapted to pro¬ 
ducing resonance acceleration, the type describable as a 
"sphere (or spheroid) and reentrant cones"* seems particu¬ 
larly suitable. In such a cavity, the electric field lines ap¬ 
pear as arcs of circles, terminating on the surfaces, of the 
reentrant cones. Small slots are to be made at points in the 
conical surfaces, through which the accelerated particles 
are to pass in their circular orbits. Injection may con¬ 
veniently be accomplished from a point external to the 
accelerating fields by placing the injector gun within one 
of the cones. A target may also be conveniently located 
within the cones. It will probably be necessary to partially 
"open-circuit” the cavity walls for low frequency currents 
generated by the guide field. This can readily be done. 

Within a resonator such as described, it should be pos¬ 
sible to obtain exceptionally high accelerating potential 
drops, of the order of several hundred thousand volts. 
This follows from the fact that a cavity resonator Is an 
extremely efficient device, often exhibiting an electrical 
" Q** greater than 100,000 and consequently requiring a 
relatively small energy input to produce large internal 
fields. The upper limit of attainable electric fields within 
an evacuated cavity should be very high, and will probably 
be imposed by held emission effects. In the use of such a 
resonator, it is convenient to employ the cavity itself as 
the frequency controlling element of a power oscillator, 
thus eliminating problems of accurate frequency control. 

Some small advantage may also be gained from enclosing 
the particle orbits within a closed conducting,surface, in 
that this will minimize that part of the radiation losses 
contributed by low order harmonics. It has been shown, 5 s 
Eiowever, that these harmonics contribute only slightly to 
the total radiative dissipation. 

The conditions for “resonant" increase of energy 1 ' 3 can 
be satisfied at all times during an acceleration cycle, 
provided the amplitude of the resonance electric field Is 
increased simultaneously with the rise of the magnetic 
field. It can be shown that under these conditions the effect 
of the magnetic component of the cavity field will be 
negligible throughout the cycle, provided adequate fo¬ 
cusing forces are established by the guide field. 

To provide the necessary pulses of current through the 
field windings, three methods could be employed: (a) a 
"pulse transformer” excited from" a d.c. source, (b) a 


short-circuited d.c. generator (following Kapitza’s tech¬ 
nique), or (c) a bank of high capacity storage batteries of 
the type used in submarines. A large ignitron and delay¬ 
line extinguishing circuit would serve as the switching 
element. The limits on the particle yield of the accelerator 
will be set by the available power and by the allowable 
rate of heat dissipation from the field windings. 

Some design calculations have been made for a 500- Mev 
electron accelerator. 

The author wishes to express his appreciation for counsel 
and suggestions given by Mr. H. F. Kaiser, Dr. Ross Gunn, 
and Mr. D. dePackh of the Naval Research Laboratory. 


i Veksler, J. Phys. Acad. Sci. USSR 0, 153 (1945). 

5 E. M. McMillan, Phys, Rev. 68, 143 (1945). 
jTerkuky, J. Phys, Acad, Sci. USSR 9. 159 (1945). 

* D. Iwanenko and I. Pomeranchiik. Phys. Rev. 65, 345 (1944). 

6 Arzimovich and Pomeranduik. J. Phys. Acad. Sci. USSR 9. 267 
(1945), 

« a M. McMillan, Phys- Rev. 68. 144 (1945). 

J W. W. Hansen and R, D. Richtmyer, J, Af>p. Phys, 10, 189 (1939). 
Schelkunoff, Electromagnetic Waves (D. Van Nostrand Company, 
New York, 1943), p, 288. 


Nuclear Induction 

F. Bloch, W. W. Hansen, and Martin Packard 
Stanford University. Stanford Vnlvrrsity, California 
January 29, 1946 

T HE nuclear magnetic moments of a substance in a 
constant magnetic field would be expected to give 
rise to a small paramagnetic polarization, provided thermal 
equilibrium be established, or at least approached. By 
superposing on the constant field (s direction) an oscillating 
magnetic field in the x direction, the polarization, originally 
parallel to the constant field, will be forced to process 
about that field with a latitude which decreases as the 
frequency of the oscillating field approaches the Larmor 
frequency- For frequencies near this magnetic resonance 
frequency one can, therefore, expect an oscillating induced 
voltage in a pick-up coil with axis parallel to the y direction. 
Simple calculation shows that with reasonable apparatus 
dimensions the signal power from the pick-up coil will be 
substantially larger than the thermal noise power in a 
practicable frequency band. 

We have established this new effect using water at room 
temperature and observing the signal induced in a coil by 
the rotation of the proton moments. In some of the experi¬ 
ments paramagnetic catalysts were used to accelerate the 
establishment of thermal equilibrium. 

By use of conventional radio techniques the induced 
voltage was observed to produce the expected pattern on an 
oscillograph screen. Measurements at two frequencies v 
showed the effect to occur at values H of the s field such 
that the ratio H/v had the same value. Within our experi¬ 
mental error this ratio agreed with the g value for protons, 
as determined by Kellogg, Rabi, Ramsey, and Zacharias. 1 

We have thought of various investigations in which this 
effect can be used fruitfully. A detailed account will be 
published in the near future. 

i J M, B, Kellogg, I, I, Rabi. NT. F, - Ramsey, and. J. R, Zacharias. 
Phys. Rev. 56, 738 (1939). 
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in a solid 


Edward M. Purcell (1912-1997) 


Edward Mills Purcell was born in Taylorville, Illinois, USA, on 30 August 1912. His 
parents, Edward A. Purcell and Mary Elizabeth Mills, were both natives of Illinois. 
He was educated in the public schools in Taylorville and in Mattoon, Illinois, and 
in 1929 entered Purdue University in Indiana. He graduated from Purdue in elec¬ 
trical engineering in 1933. 

His interest had already turned to physics, and through the kindness of Professor 
K. Lark-Horovitz he was able, while an undergraduate, to take part in experimental 
research in electron diffraction. As an Exchange Student of the Institute of 
International Education, he spent one year at the Technische Hochschule, Karlsruhe, 
Germany, where he studied under Professor W. Weizel. He returned to the United 
States in 1934 to enter Harvard University, where he received the Ph.D. degree in 
1938. After serving two years as instructor in physics at Harvard, he joined the 
Radiation Laboratory, Massachusetts Institute of Technology, which was organized 
in 1940 for military research and development of microwave radar. He became Head 
of the Fundamental Developments Group in the Radiation Laboratory, which was 
concerned with the exploration of new frequency bands and the development of 
new microwave techniques. This experience turned out to be very valuable. Perhaps 
equally influential in his subsequent scientific work was the association at this time 
with a number of physicists, among them I.I. Rabi, with a continuing interest in the 
study of molecular and nuclear properties by radio methods. 

The discovery of nuclear magnetic resonance absorption was made just after 
the end of the war, and at about that time Purcell returned to Harvard as Associate 
Professor of Physics. He became Professor of Physics in 1949 and subsequently 
Gerhard Gade University Professor. He continued to work in the field of nuclear 
magnetism, with particular interest in relaxation phenomena, related problems of 
molecular structure, measurement of atomic constants, and nuclear magnetic be¬ 
havior at low temperatures. He made some contributions to the subject of radioas¬ 
tronomy. 

He was a Fellow of the American Physical Society, a member of the National 
Academy of Sciences, of the American Academy of Arts and Sciences, and of the 
President’s Science Advisory Committee under President Eisenhower from 1957- 
1960 and under President Kennedy as from i960. In 1952 he was awarded the 
Nobel Prize in physics with Felix Bloch. 

In 1937, Purcell married Beth C. Busser. They had two sons, Dennis and Frank. 

E. M. Purcell died in 1997. 

From Nobel Lectures, Physics 1942-1962, Elsevier Publishing Company, 
Amsterdam 



H.C. Torrey 
R.V. Pound 
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The suggestion is also made that COs may be strongly 
dissociated by the metastable Xe atoms (and H 2 Q some¬ 
what less strongly), thus producing oxygen atoms which 
combine to form the Qi molecules; (D(CCh)-5.5 v, 
D(HaO) = 5.G v). If so, the fact that CO did not yield the 
bands would indicate that the dissociation energy of CO is 
greater than the energy of the upper metastable state of 
Xe, namely 9.4 volts. (Energy of lower metastable state 
equals 8.3 v.) This appears to be direct evidence In favor of 
the 9.6-volt value of D(CO) as determined by Hagstrum 
and Tate 1 from appearance potentials in the mass spectro- 
graph, or for the 11.11 v-value obtained In a recent spectral 
analysis by Gaydon and Penney, 4 but against the 9.14-volt 
value determined from certain predissociation data. 4 The 
higher value appears to be more in accord also with 
thermochemical data as brought out by Hagstrum and 
Tate/ and also by Asundi and Samuel. 4 

1 H. D. Hagstrum and J* T, Tate. Phys. Key. 59. 365 (UMiy 

: A. G. Gaydon and W. G. Penney. Proe* Roy. Soq. A183, 374 
(June, 1945). 

5 For a review ase G, HerUber^. Molecular Spectra and Molecular 
Structure {Prentice-Hall. lnc. t New York, 1939), Chap. VITI. 

4 R, K. Asundi and R, Samuel, Ind, Acad. Sci, 3A, 562 (1936). 


Resonance Absorption by Nuclear Magnetic 
Moments in a Solid 

IS. M. PfftCELU U, C* TORRfcY, AND R. V. POU^D* 
Radiation laboratory. Massachusetts Institute of Technology, 
Cambridge, Massachusetts 

December 21, 1945 

I N the well-known magnetic resonance method for the 
determination of nuclear magnetic moments by mo¬ 
lecular beams/ transitions are induced between energy 
levels which correspond to different orientations of the 
nuclear spin in a strong, constant, applied magnetic field. 
We have observed the absorption of radiofrequency energy, 
due to such transitions, in a solid material (paraffin) con¬ 
taining protons. In this case there are two levels, the 
separation of which corresponds to a frequency, v, near 30 
megacycles/see., at the magnetic held strength, H, used in 
our experiment, according to the relation hv = 2i*H* Al¬ 
though the difference in population of the two levels is very 
slight at room temperature (hv/kT^ lQ’ fi ), the number of 
nuclei taking part is so large that a measurable effect is to 
l>e expected providing thermal equilibrium can be estab¬ 
lished, If one assumes that the only local fields of impor¬ 
tance are caused by the .moments of neighboring nuclei, one 
can show that the imaginary' part of the magnetic permea¬ 
bility, at resonance, should be of the order hv/kT. The 
absence from this expression of the nuclear moment and the 
internuclear distance is explained by the fact that the 
Influence of these factors upon absorption cross section per 
nucleus and density of nuclei is just cancelled by their 
Influence on the width of the observed resonance. 

A crucial question concerns the time required for the 
establishment of thermal equilibrium between spins and 
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lattice. A difference In the populations of the two levels is a 
prerequisite for the observed absorption, because of the 
relation between absorption and stimulated emission. 
Moreover, unless the relaxation time is very short the 
absorption of energy from the radiofrequency field will 
equalize the population of the levels, more or less rapidly, 
depending on the strength of this r*f field. In the expecta¬ 
tion of a long relaxation time (several hours), we chose to 
use so weak an oscillating field that the absorption would 
persist for,hours regardless of the relaxation time, once 
thermal equilibrium had been established. 

A resonant cavity was made in the form of a short section 
of coaxial line loaded heavily by the capacity of an end 
plate. It was adjusted to resonate at about 30 rnc/sec* 
Input and output coupling loops were provided. The 
Inductive part of the cavity was filled with 850 cm 3 of 
paraffin, which remained at room temperature throughout 
the experiment. The resonator was placed in the gap of the 
large cosmic-ray magnet in the Research Laboratory of 
Physics, at Harvard. Radiofrequency power was introduced 
Into the cavity at a level of about 10^ 11 watts. The radio- 
frequency magnetic field in the cavity was everywhere 
perpendicular to the steady field. The cavity output was 
balanced in phase and amplitude against another portion 
of the signal generator output. Any residual signal, 
after amplification and detection, was indicated by a 
microammeter. 

With the r-f circuit balanced the strong magnetic field 
was slowly varied* An extremely sharp resonance absorp¬ 
tion was observed. At the peak of the absorption the 
deflection of the output meter was roughly 20 times the 
magnitude of fluctuations due to noise, frequency, insta¬ 
bility, etc. The absorption reduced the cavity output by 
0.4 percent, and as the loaded Q of the cavity was 670, the 
imaginary part of the permeability of paraffin, at resonance, 
was about 3-10 -6 , as predicted. 

Resonance occurred at a field of 7100 oersteds, and a 
frequency of 29,8 me/sec., according to our rather rough 
calibration. We did not attempt a precise calibration of the 
field and frequency, and the value of the proton magnetic 
moment inferred from the above numbers, 2,75 nuclear 
magnetons, agrees satisfactorily with the accepted value, 
2.78%, established by the molecular beam method. 

The full width of the resonance, at half value, is about 10 
oersteds, which may be caused in part by in homogeneities 
in the magnetic field which were known to be of this order* 
The width due to local fields from neighboring nuclei had 
been estimated at about 4 oersteds. 

The relaxation time was apparently shorter than the 
time (~one minute) required to bring the field up to the 
resonance value. The types of spin-lattice coupling sug¬ 
gested by I, Waller 3 fall by a factor of several hundred to 
account for a time so short. 

The method can be refined in both sensitivity and 
precision. In particular, it appears feasible to increase the 
sensitivity by a factor of several hundred through a change 
in detection technique* The method seems applicable to the 
precise measurement of magnetic moments (strictly, 
gyromaguetlc ratios) of most moderately abundant nuclei. 
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It provides a way to investigate tKe interesting question of 
spin-lattice coupling. Incidentally, as the apparatus re¬ 
quired is rather simple, the method should be useful for 
standardization of magnetic fields. An extension of the 
method in which the r-f field has a rotating component 
should make possible the determination of the sign of the 
moment 

The effect here described was sought previously by 
Gorter and Broer, whose experiments are described in a 
paper 3 which came to our attention during the course of 
this work. Actually, they looked for dispersion, rather than 
absorption! in LiCl and Kf\ Their negative result is 
perhaps to be attributed to one of the following circum¬ 
stances: (a) the applied oscillating field may have been so 
strong, and the relaxation time so long, that thermal 
equilibrium was destroyed before the effect could be 
observed—(b) at the low temperatures required to make 
the change in permeability easily detectable by their 
procedure, the relaxation time may have been so long that 
thermal equilibrium was never established. 

* Harvard University. Society of Fellows (on leave). 

3 Rabi, Zacharias, Mil I man n. and Kusch, Phys. Rev. S3, 318 (1938), 

* I. Waller, Zeits. f. Physik 79. 370 (1932). 

1 Gorter and Broer. Pkyste* 9. 501 (1942), 


The y-Rays of Radium D 

TSIEN SaN , -"J l $I ATiJG* 

Laboi'aturU Curie, I usliiuf dit Radium, mid Labor aloinr dc Chimie 
Nudtairc du CoUigr dc Frame. Paris, France 
December 13. 1945 

F OR many years RaD was regarded as a radioactive 
substance which emits nuclear /3-rays of very low 
energy and monochromatic y-rays of quantum energy 46.7 
kev. Just before the war, however, it was shown by Airraid! 
and Rasctii , 1 using the method of selective absorption, that 
the radiation is complex, the well-known 46.7 kev line 
being accompanied by a much weaker component of energy 
43 kev* Following the publication of this result^ a systematic 
study of the subject was started in Paris with a very strong 
source of RaD of about 100 mC, extracted previously by 
Professors Irene Johot-Curie and F. Joliot. The following is 
a brief summary of the main experimental results, obtained 
in the Curie Laboratory and in the Laboratory of Nuclear 
Chemistry in the difficult conditions which prevailed from 
1942-1945. The results deal with the detailed structure of 
the y-radiatiom the absolute intensity of the different lines, 
and the nature of 7 -rays of quantum energy 46,7 kev. 

In the region between 25 and 100 kev, the analysis made 
by the methods of selective absorption 1 and crystal diffrac¬ 
tion 3 leads to the conclusion that RaD emits in this region 
four 7 -lines ( A , B f C f D) and two lines of x-rays of K-S3, 
the corresponding energy and Intensity being given in 
Table I. 

The existence of these six different radiations is confirmed 
by another series of experiments in which the corresponding 
quantum energies are determined by measuring the true 
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range of the photoelectrons which they project in a Wilson 
chamber/ * This method also suggested the existence of an 
additional weak line at about 65 kev (x) and relatively 
intense radiations below 25 kev. 


Table I. y-rays from RaD. 


y-ray 

line 

E (kev) 

I 

(quanta per 

100 disin¬ 
tegrations) 

Reference 

m 

(65 ±5) 

( <0,2) 

(5)v 

A 

40.7 ±0.1 

2.8 ±0.6 

H, 2,3. 5, S) 

& 

43 ±1 

0.2 ±0.1 

(1. 2, 3. 5) 

C 

37 dbl 

0.2 ±0,1 

(2,3.5) 

D 

32±I 

0,4 ±0,2 

(2. 3+ 5, 6) 

E 

23.2 ±0-9 

1,0 ±0.5 

(5.6) 

F 

7,3 ±0.7 

~10 

(9, 7) 


In order to study the region below 25 kev, experiments 
were made with a Wilson chamber operating at suitable 
low pressure/ It was thus found that in addition to the L 
spectrum of element S3, there is a new 7 -ray line {£) of 
23,2 ±0,6 kev. This line has thus almost exactly half the 
quantum energy of the principle line (A) and would be 
confused in diffraction spectrum experiments with the 
second-order image of the (A) line. Another very intense 
7 -ray Hne (F) of 7,3±0,7 kev has been observed In the 
energy region below the L levels of element 83, Sfl This 
radiation has been observed previously by Droste 7 who 
classified it as one of the components of the L spectrum of 
element S3. From the energy determinations in our present 
experiments, it seems more reasonable to regard it as a new 
7 -ray line. 

In order to investigate the nature of the principle line (.4) 
we have determined the in tensity of the conversion electrons 
of this radiation by the usual methods of magnetic 0 -rav 
spectrography and obtained the value 2,9 for the internal 
conversion coefficient, N e /N r in the Li level. M The com¬ 
parison with the theoretical calculation of Fisl: ? indicates 
that the 46.7 kev line is most probably a quadripole 
radiation. For other y-rays there is no Information available 
about their conversion electrons 10 to permit similar deduc¬ 
tion about their nature to be made. 

I should like to thank Professors L Joliot-Curie and F. 
Joliot for their continuous interest and help, and Drs. 
Frilley, Surugue, and Ouang, and Mr. Marty for their 
important contributions and friendly collaboration in the 
course of these investigations. 

* Now temporarily at H. H, Wills Physics Laboratory, Bristol, 
England. 

* E. Amaldi and F. Rasetti, Ricerca Sclent. 10, 111 (1939). 

* Tsien San-Tsiang. Comptes rendus 219, 765 (1943); 213, 503 (1944), 

* M, Frilley, Comptes rend us 218, $05 (1944). 

' Tsien San-Tsiang, Ann. d, Physik 19, 327 (1944), 

1 Tsien San-Taiang and C. Marty, Comptes rend us, Seance of 7 th 
May 1945 (in press), 

Tsien Sati-Tsiang and C. Marty, Comptes rendus, Seance of 30th 
July, 1945 (En press). 

fifl M. Frilley and Tsten San-Tsiang, Comptes rendus (Jan., 1945). 

7 G, von Droste. Zeits, f. Physik 84, 17 (1933). 

* Ouang Te-Tchao, J. Surugue, and Tsien San-Tsiang, Comptes 
rendus 217, 535 (1943), 

s J. S. Fisk, PrOc. Roy. Soc. 143, 974 (1934). 

H. O. W. Richardson and A. Leigh -Smith. Proc. Roy. Soc. 160, 
454](I937). 
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2.4 Tumor detection by nuclear magnetic resonance 


Raymond V. Damadian (born 1936) 


Born in Forest Hills, New York, Damadian attended the Juilliard School of Music 
for eight years, studying violin. He received his BS in mathematics in 1956 from 
the University of Wisconsin and an MD degree from the Albert Einstein College 
of Medicine in New York in i960. Damadian later served as a fellow in nephrology 
at Washington University School of Medicine and as a fellow in biophysics at 
Harvard University, where he completed academic work in physics, physical 
chemistry, and mathematics. He studied physiological chemistry at the School of 
Aerospace Medicine in San Antonio, Texas. After serving in the Air Force, 
Damadian joined the faculty of the State University of New York Downstate 
Medical Center in 1967. His training in medicine and physics led him to develop a 
new theory of the living cell, his ion exchanger resin theory. Damadian founded 
the FONAR Corporation in 1978 and became its president and chairman . 

Raymond Damadian invented the magnetic resonance imaging (MRI) scanner, 
which has revolutionized the field of diagnostic medicine. MRI obtains informa¬ 
tion through the use of static and dynamic magnetic fields, a method that yields 
radio signal outputs from the body’s tissue that can be either transformed into 
images or analyzed to provide the chemical composition of the tissue being exam¬ 
ined. His MRI produced images of the interior of the body far more detailed than 
was possible with X-ray devices such as the CAT scanner. Since the device’s ap¬ 
proval in 1984 by the Food and Drug Administration hundreds have been put to 
use in medical institutions around the world. 

Although the technology used in Damadian’s machine - nuclear magnetic res¬ 
onance (NMR or MR), where harmless magnetic fields and radio waves cause 
atoms to emit tiny, detectable radio signals - had existed for 25 years, Damadian 
was the first to successfully apply the physics of NMR to clinical medicine. In 1971, 
Damadian demonstrated for the first time that the MR signal could overcome one 
of medicine’s longstanding deficiencies - the inability of the X-ray to create the 
contrast needed to see the body’s vital organs. Citing this contrast deficiency in a 
paper published in Science, Damadian proposed that the profound differences be¬ 
tween the decay rate of the MR signal of soft tissues and the decay rate of the MR 
signal of cancerous tissues had the potential to address this long-standing, critical 
need in medicine. He proposed the creation of a new body scanner based on the 
MR signal and on his discovery of the critical differences in the MR signals that 
existed in the body’s vital tissues. The images of the interior of the human body 
that resulted from Damadian’s work were far superior in detail to those of existing 
X-ray devices because the MR could generate the tissue contrast that was missing 
in X-ray pictures. 

As with any groundbreaking invention, Damadian’s MR scanner was met with 
great skepticism. “What I learned in the process of developing the MR scanner 
was that criticism is an integral part of the process and always has been,” com¬ 
ments Damadian. “The bolder the initiative, the harsher the criticism.” 

Damadian, a violin student who left the Juilliard School of Music to pursue a 
medical education, first became interested in medicine at the age of ten, after wit¬ 
nessing his grandmother’s pain and suffering from cancer. He chose medical re¬ 
search over clinical practice because he believed that carefully executed experi- 





88 


Chapter 2 Magnetic Resonance Imaging 


ments could result in major medical contributions with the potential to benefit 
many people. Damadian felt that research would allow him to help many millions 
of people, rather than the thousands he would be able to beneficially reach in the 
day-to-day practice of medicine. 

Today, Damadian oversees FONAR Corporation, the Melville, NY-based com¬ 
pany he formed in 1978 to produce and market his MRI scanner. After twenty- 
three years in business, FONAR continues to research and develop, manufacture, 
sell and ship its own MRI scanners. 

FONAR’s recent MRI innovations include a full-sized MRI operating room that 
allows unrestricted 360-degree access to the patient and the Stand-Up MRI™ - 
the only scanner to allow MRI patients to simply walk in and be scanned while 
standing. The revolutionary design of the Stand-Up MRI™ allows all parts of the 
body to be scanned in the weight-bearing position. 
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Tumor Detection by Nuclear Magnetic Resonance 

Abstract. Spin echo nuclear magnetic resonance measurements may be used as 
a method for discriminating between malignant tumors and normal tissue. Mea¬ 
surements of spin-Uutke (TjJ and spin-spin (T f ) magnetic relaxation times were 
made in six normal tissues in the rat { muscle, kidney, stomach, intestine* brain, 
and liver) and in two malignant solid tumors, Walker sarcoma and Novikoff 
hepatoma . Relaxation times for the two malignant tumors were distinctly outside 
the range of values for the normal tissues studied, an indication that the malignant 
tissues were characterized by an increase in the motional freedom of tissue water 
molecules. The possibility of using magnetic relaxation methods for rapid dis¬ 
crimination between benign and malignant surgical specimens has also been con¬ 
sidered. Spin-lattice relaxation times for two benign fibroadenomas were distinct 
from those for both malignant tissues md were the same as those of muscle* 


At present, early detection of internal 
neoplasms is hampered by the relatively 
high permeability of many tumors to 
x-rays. In principle, nuclear magnetic 
resonance (NMR) techniques combine 
many of the desirable features of m 
external probe for the detection of in¬ 
ternal cancer. Magnetic resonance mea¬ 
surements cause no obvious deleterious 
effects on biologic tissue (i), the inci¬ 
dent radiation consisting of common 
radio frequencies at right angles to a 
static magnetic field. The detector is 
extemal to the sample, and the method 
permits one to resolve information 
emitted by the sample to atomic dimen¬ 
sions. Thus the spectrescopist has avail¬ 
able lor study a wide range of nuclei 
for evidence of deviant chemical be¬ 
havior. 

The resonance technique selected for 
this particular application belongs to 
a group of techniques known as ’"tran¬ 
sient 1 * or induction methods. In this 
experimental arrangement the sample 
continues to emit a radio-frequency 
signal for a brief but measurable period 
after the incident radiation (pulse) has 
been removed. This method makes pos¬ 
sible the direct measurement Of spin- 
lattice <I\) and spin-spin (TJ relaxation 
times, thus avoiding the uncertainties of 
estimating them from the line width 
measurements of steady-state NMR 
spectra. In addition, it also makes pos¬ 
sible the characterization of biologic 
tissues on the basis of the properties of 
their emitted radio frequency. 

In order to determine whether neo¬ 


plastic tissues could be recognized from 
their NMR signals, 1 studied the proton 
resonance emissions from cell water. 
Recent NMR work of Cope (2), Hazle- 
wood et al (J), and Bratton et al. (4) 
has provided fresh insight into the 
physical nature of cell water. These 
authors have independently concluded 
that the decreased NMR relaxation 
times observed for cell water relative 
to distilled water (Tables ] and 2) are 
due to the existence of a highly ordered 
fraction of cell water in which the pro¬ 
tons of the water molecules have cor¬ 
relation times substantially less than 
the Larmor period. The reduction of 
the correlation times is presumably due 
to the adsorption of water molecules at 
macromolecular interfaces, findings that 
are consistent with the proposal by Ling 
(5) that intracellular water (endosolvcnt) 
exists as multiple polarized layers ad¬ 
sorbed onto cell proteins. 

Two lines of evidence suggested that 
proton signals from the water in cancer¬ 
ous tissue would be distinct from the 
radio-frequency emissions of normal 
tissue. My own experiments with 
Escherichia coli (6) suggested that al¬ 
tered selectivity coefficients of alkali 
cations in biologic tissue, such as occur 
in neoplastic tissue (5), can indicate 
alterations in tissue water structure. In 
addition, Hazlewood and his co-workers 
have recently reported evidence from 
NMR measurements that growth and 
maturation of skeletal muscle in the 
newborn rat is accompanied by simul¬ 
taneous changes in water structure and 
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Table 1. Spin-lattice (T,> und spin-up in (T f ) relax Alton limes (in second ) of normal tissues- 


Tissue 


Rat 

No. 

Weight 

(*> 

Rectus muscle 

Liver 

Stomach 

n 

Small 
ime stint 

T , 

Kidney 

Brain 

Tn 

r, 

Tn 

n r t 

l 

156 

0.44 3 

(1 050 

0,280 0.050 

0.272 

0.2 SO 

0.444 

0.573 

2 

150 

,548 

.050 

.322 .060 

.214 

.223 

.503 

.573 

3 

495 

541 

050 

,241 .050 

.260 

.116 

.423 

,596 

A 

2M 

.576 (0.500) * 

,070 

.306 (0.267) * .046 

.247 (0.1S9>* 

,316 (0,280) * 

,541 (0.530) ■ 

.620 < 1)614) * 

5 

155 

,531 


300 

.360 

.tm 

ih9 

612 





Mean and standard error 






0,533 = 0.013 

0.055 ± U IMJ5 

0.393 ± U.D10 0,052 ± 0.003 

0,270 ±0.01 6 

U.257 ± 0.030 

0 480 i 0.026 

0.595 7= 0.007 


* Spin-ksukt ralaufturii tiff# after ibe spcelfiwn stood uvemijftt at mom temperaeuw. 


in tiie alkali cation composition of the 
muscle (7), These results suggest that 
dedifferentiatiOD and anaplasia, com¬ 
monly equated with neoplasia, may be 
associated with profound alterations io 
etido sol vent structure. These data (7) 
suggest the nature of the alteration in 
H a O structure that should be observed 
for dedifferentiated or neoplastic tissue. 
Substantially narrower line widths [the 
result of a decreased ordering of cell 
water (2, 3)1 were observed for im¬ 
mature skeletal muscle than for mature 
muscle. On this basis undifferentiated 
neoplastic Tissue can he expected to 
manifest increased relaxation times 
(narrow line widths). 

The experiments were performed 
with Sprague-Dawley rats previously 
infected with either Walker sarcoma 
(solid form) or Novikoff hepatoma. The 
rats ranged in weight from 150 lo 500 
g and were selected at random in order 
to exclude variations in the age of the 
rat as a material consideration (S). The 
animals were killed by cervical fracture 
when tumor size reached approximately 
1,5 ml in volume (4 to 5 days after in¬ 
oculation iu the case of animals with 
Novikoff hepatoma and ID days in the 
case of animals with Walker sarcoma). 
The samples were excised and packed 
in cellulose nitrate tubes. In all cases 
the NMR measurements were obtained 
within 5 minutes after the death of 
the animal. 

The experimental arrangement con¬ 
sisted of an electromagnet (Vaiian) 12 
inches (30.5 cm) in diameter operating 
at approximately 5610 gauss, a pulse 
spectrometer (Nuclear Magnetic Res¬ 
onance Specialties Corporation PS-60 
AW), and a probe of cross-coil design 
operating at 24 Mhz. 

Two types Of NMR experiments were 
performed. Spin-lattice relaxation time 
was measured by the method of Carr 
and Purcell (P). In this method a 
sequence of two pulses is used with 
pulse widths for the two pulses set to 
produce a 180° nutation followed by a 


90° nutation. With this sequence, one 
observes a free induction decay after 
the second pulse whose amplitude is 
given by 

M (r) = AM I - 2*-"M 

where M 0 ts the equilibrium value of 
the pulse amplitude and t is the inter¬ 
val between pulses. This equation im¬ 
plies that, if 7‘j in multiplied by the 
natural logarithm of 2, the product is 
equal 10 the pulse interval that produces 
no free induction decay after the 90 ft 
pulse, tn actual practice, once the two 
pulses were phased and pulse widths 
set for the proper nutation angle, an 
oscilloscope (Fairchild 766 H/F, 25 
and 50 Mhz) was synchronized to trig¬ 
ger on the second pulse and the pulse 
■interval was adjusted until the null free 
induction decay was obtained. The in¬ 
terval between the two pulses was ob¬ 
tained from a frequency counter (Com- 


Tabte 2 . Spin-lattice (J*,) end spia^pia ( 3 *,) 
relaxation limes (in seconds) in tamer). 


Rat 

No, 

Weight T 

(e> Fl 

A 

6 

Walker sarcoma 

156 0,700 

0.100 

7 

150 .750 

.100 

6 

495 .794 (0,794)* 

.100 

9 

233 .688 


to 

255 .750 


Mean 

and SB. 0,736 ± 0,022 

.too 

T 

C.Olt 


El 

Novikufl hepatoma 

153 0,798 

0,120 

12 

160 .852 

.120 

13 

231 ,827 

.115 

Mean and S.E, 0,826 = 0.013 

0,118 ± 

P 

< .OLt 

0.002 

14 

fib road tnoma ( benign ) 
0.448 


13 

,537 


Mean 

.492 


Distilled water 

2,691 

2.690 

2.640 

Mean and S.E. 2.677 ± 0.021 



* Spin-Inn tee nlpj>tipn time af ter the jpacirewn 
stood overnight at room temperature. f The 
f value* are the probability o&tiTnalrt ot tire 
HEnlflcance of the difference in the meins of T t 
for the malignant tumor and for brain. 


puter Measurement Company 2UUCN) 
interfaced with the output of the PS*60 
spectrometer programmer. 

I measured the spin-spin relax aT ion 
time by using a 90° to 180° pulse se¬ 
quence and making use of the Carr-Fur- 
cell modification (9) to obtain the echo 
decay envelope. This method for mea¬ 
suring T a Is free of diffusion effects 
and field inhomogeneities (9). Since the 
envelope height £ is given by 

E (2 n r) a: 

where n represents integral multiples of 
the pulse separation r t T 3 was estimated 
from the oscilloscope Trace as the time 
required for the envelope height to 
decay to 1/e. 

The spin echo resonance measure¬ 
ments are listed in Tables 1 and 2. The 
contrast between the relaxation rates of 
malignant Novikoff hepatoma and nor¬ 
mal liver illustrates the degree of per¬ 
turbation of cndosolveut structure that 
can accompany malignant transforma¬ 
tion, The considerable increase in re¬ 
laxation times for the hepatoma (T v 
0.826 second; r 2 , 0.118 second) rela¬ 
tive to normal liver [T lt 0,293 second; 
T%, 0,050 second) suggests a significant 
decrease in the degree of ordering of 
intracellular water (2) in malignant tis¬ 
sue, In addition. It is apparent from 
the prolonged relaxation times of the 
two malignant tumors reported in Ta¬ 
ble 2 that NMR techniques would 
make it possible for one to detect the 
presence of metastatic infiltrates of the 
liver from either Walker sarcoma or 
Novikoff hepatoma. 

It was also found that the differences 
between the relaxation rates of malig¬ 
nant tumors and normal liver could be 
used to distinguish the two malignancies 
from all of the normal tissues studied 
[,P values less than .01 (Table 2)1, The 
values of T ± in Walker sarcoma (0.736 
second) and Novikoff hepatoma (0.826 
second) were significantly greater than 
the values of T t in any of the normal 
tissues (0,293 to 0.595 second). The 
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values of T* in the malignant tumors 
(0,100 and 0J1S second) were about 
twice the values of T% in rectus muscle 
(0.055 second) and liver (0,052 second). 
Furthermore* replicate measurements 
of T x in the malignant -tissues were 
found to be highly reproducible (stan¬ 
dard error of the mean, < ,02) and the 
normal tissues had a standard error of 
the mean of .03 or less despite deliber¬ 
ate scrambling of the ages and weights 
of the animals in the experimental col¬ 
ony. 

On the whole, these results sup¬ 
port the findings of Hazlewood and his 
co-workers <7) and are in general agree¬ 
ment with Szent-Gybrgyi’s assertion that 
cancerous tissue has a lower degree of 
organization and less water structure 
than normal tissue ( 10). Furthermore, 
the data conformed to the results ex¬ 
pected on the basis of a knowledge Of 
the cation content of cancerous tissue. 
Dunham et aL have reported that with 
“few exceptions the potassium content 
of malignant neoplasms is increased 11 
by comparison with that of normal 
cells (//), Ling has pointed out that the 
variations in alkali cation selectivity ob¬ 
served by Dunham et aL are readily 
explained by the assoriatiou-mduction 
hypothesis (5* p, 523). Nuclear mag¬ 
netic resonance line width measure¬ 
ments ia my laboratory (6) have dem¬ 
onstrated a correlation between nar¬ 
rowing of the line width of the cell 
water signal and potassium enrichment 
in bacteria (£. calf), which, in turn, is 
consistent with the aqueous properties 
of potassium as a “structure-breaking” 
agent (12). "Structure-breaking" by the 
alkali cations below Na in the periodic 
table (K, Rb, Cs) t producing decreased 
ordering of the molecules in bulk water, 
results in narrowing of the NMR line 
width (d). 

The measurements were also unaf¬ 
fected by any change in the elevation 
of the sample position in the probe, 
packing and repacking of the specimen, 
or the stepwise rotation of the sample 
tube in the probe through 360°. In 
fact T x proved lo be even relatively 
unchanged after the specimens stood 
overnight at room temperature (Tables 


1 and 2, parenthetical values for r;ns 4 
and 8), 

These studies indicate that NMR 
methods may be used to discriminate 
between two malignant tumors and a 
representative series of normal tissues. 
The results suggest that this technique 
may prove useful in the detection of 
malignant tumors. 

The possibility that NMR might be 
used for rapid discrimination between 
benign and malignant surgical speci¬ 
mens was also considered. Relaxation 
times for two benign tumors (fibro¬ 
adenomas) were distinct from those of 
the malignant tissues and were the 
same as those Of muscle (Tables 1 and 
2 ) 

Raymond Damadian* 
Biophysical Laboratory, Department 
of Medicine, State University of 
New York , Brooklyn 11203 
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Paul C. Lauterbur (born 1929) 


A native of Sidney, Ohio, Paul C. Lauterbur was born on 6 May 1929. He received 
the BS degree in chemistry from Case Institute of Technology in 1951. Between 
1951 and 1953, he worked as a Research Associate at the Mellon Institute, where he 
was involved in the studies of organosilicon chemistry, vulcanizing systems and 
reinforcing fillers of silicone elastomers. He served in the Army Chemical Center 
Laboratories between 1953 and 1955, where he worked on the biological testing of 
chemical warfare agents and studies on aerosols. While he was at the Army 
Chemical Center, he also set up the nuclear magnetic resonance laboratory and 
began research on NMR spectroscopy. After his military service, he returned to 
the Mellon Institute and continued his graduate education, receiving the Ph.D. de¬ 
gree in chemistry from the University of Pittsburgh in 1962. From 1963 to 1984, he 
was on the faculty of the State University of New York at Stony Brook, where he 
served as a Professor in the Departments of Chemistry and Radiology. During this 
period, Lauterbur worked on NMR spectroscopy and its applications to the stud¬ 
ies of the structures of molecules, solutions and solids. He also extended his NMR 
studies to applications in biochemistry and biophysics when he discovered nu¬ 
clear magnetic resonance imaging. In 1984, he was named as University Professor 
at SUNY Stony Brook until his departure in 1985. Currently, he is a professor at the 
College of Medicine and in the Department of Chemistry of the University of 
Illinois at Urbana-Champaign and the Director of Magnetic Resonance Imaging 
Research at the same institution. He also holds the position of Adjunct University 
Professor at SUNY Stony Brook. 

Lauterbur has published more than 110 scientific articles in various aspects of 
NMR and its applications. His work at SUNY Stony Brook has laid the foundations 
for the entire field of nuclear magnetic resonance imaging, which is also known as 
nuclear magnetic resonance zeugmatography. From his work came a new medical 
diagnostic instrument and his discovery provided a new field of endeavor for 
physicists, engineers and clinicians. The discovery of NMR imaging has impacted 
the medical instrumentation industry positively by opening new horizons. 

Recognition of Lauterbur’s outstanding achievements includes an honorary 
PhD from the University of Liege, Belgium and numerous awards including the 
Gold Medal of the Society of Magnetic Resonance in Medicine, the Michelson- 
Morley Award, American Physical Society Prize in Biological Physics and Harvey 
Prize in Science and Technology, the national medal of science (USA) and the gold 
medal of the Radiological Society of North America in 1987 and the gold medal of 
the European Congress of Radiology in 1999. He was awarded the IEEE Medal of 
Honor in 1987, “For the discovery of nuclear magnetic resonance imaging.” In 2003 
Lauterbur was bestowed with the Nobel Prize in Medicine together with his 
British colleague Sir Peter Mansfield. 
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microamorphous, and microaphanitic, and further on a geo¬ 
metric basis into microgranular, microlamdlar, and micro- 
fibrous. More recently, Kloss 11 reported that, unlike macro¬ 
crystalline quartz crystals, microcrystalline quartz crystals 
generally show no sharp inversion point, and the inversion 
takes place over an interval of nearly 50° C, Our work suggests 
that it is best to describe the product of powdering quartz as 
microcrystalline quartz* which has an X-ray structure corre¬ 
sponding to quartz but is not normally detectable by d.t.a. 
unless carried out at high heating rates. In addition, this 
microcrystalline quartz contains chemisorbed H 2 0. 
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Image Formation by Induced Local 
Interactions: Examples Employing 
Nuclear Magnetic Resonance 

An image of an object may be defined as a graphical representa¬ 
tion of the spatial distribution of one or more of its properties. 
Image formation usually requires that the object interact with a 
matter or radiation field characterized by a wavelength compar¬ 
able to or smaller than the smallest features to be distinguished, 
so that the region of interaction may be restricted and a resolved 
image generated. 

This limitation on the wavelength of the field may be removed, 
and a new class of image generated, by taking advantage of 
induced local interactions. In the presence of a second field 
that restricts the interaction of the object with the first field to a 
limited region, the resolution becomes independent of wave¬ 
length, and is instead a function of the ratio of the normal width 
of the interaction to the shift produced by a gradient in the 
second field. Because the interaction may be regarded as a 
coupling of the two fields by the object, I propose that image 
formation by this technique be known as zeugmatography, 
from the Greek £euypx, “that which is used for joining"*. 

The nature of the technique may be clarified by describing 
two simple examples. Nuclear magnetic resonance (NMR) 
zeugmatography was performed with 60 MHz (5 m) radiation 
and a static magnetic field gradient corresponding, for proton 
resonance, to about 700 Hz cm -1 . The test object consisted 
of two 1 mm inside diameter thin-walled glass capillaries of 
H 2 C attached to the inside wall of a 4.2 mm inside diameter 
glass tube of D 2 0. In the first experiment, both capillaries 
contained pure water. The proton resonance line width, in the 
absence of the transverse field gradient, was about 5 Hz, 


Assuming uniform signal strength across the region within \he 
transmitter-receiver coil, the signal in the presence of a fickl 
gradient represents a one-dimensional projection of the Hj0 
content of the Object, integrated over planes perpendicutar lo 
the gradient direction, as a function of the gradient coordin¬ 
ate {Fig. 1). One method of constructing a two-dimensional 
projected image of the object, as represented by its HjO con¬ 
tent, is to combine several projections, obtained by rotating 
the object about an axis perpendicular to the gradient direction 
(or, as in Fig. 1, rotating the gradient about the object), usiiyg 
one of the available methods for reconstruction of object 
from their projections 1 _s . Fig. 2 was generated by an algorithm, 
similar to that of Gordon and Herman 4- , applied to four pro¬ 
jections, spaced as in Fig. 1, so as to construct a 20 x20 image 
matrix. The representation shown was produced by shading 
within contours interpolated between the matrix point*, 
and clearly reveals the locations and dimensions of the iwo 
columns of HjO, In the second experiment, one capillary con¬ 
tained pure HiO, and the other contained a 0.19 mM solution 
of MnS0 4 in H 2 G. At low radio-frequency power (about (U 
mgauss) the two capillaries gave nearly identical images in the 


Y 



Fig. 1 Relationship between a three-dimensional object, its two- 
dimensional projection along the Y-axis, and four one-dimen¬ 
sional projections at 45* intervals in the XZ-pIane. The arxwi 
indicate the gradient directions. 



Fig, 2 Proton me I car magnetic resonance zeugmatogram of the 
object described in the text, using four relative orientations of 
object and gradients as diagrammed in Fig. 1. 
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?rtjpra 1 f>gnimFig H 3n). At a higher power level (about 1.6 
rrtfyussUhc pure water sample gave much more saturated 
sipiaU than the sample whose spin-lattice relaxation time T t 
iud hccn shortened by the addition of the paramagnetic Mn 2 + 
iwis. jnd ifs zeugmatographic image vanished at the contour 
Iml used in Fig. 36, The sample region with long 7, may be 
^livelyemphasized (Fig. 3c) by constructing a difference 
rngmato^mrom those taken at different radio-frequency 
poults. 

Applications of this technique to the study of various 
^onwseoeons objects, not necessarily restricted in size to 
iJ»ost commonly studied by magnetic resonance spectroscopy, 
*uy be anticipated. The experiments outlined above demon¬ 
strate the ability of the technique to generate pictures of the 
<feirituitions of stable isotopes, such as H and D, within an 
abject. In the second experiment, relative intensities in an 
tag? made to depend upon relative nuclear relaxation 
lines. Ihe variations in water contents and proton relaxation 
times among biological tissues should permit the generation, 
with Ibid gradients large compared to internal magnetic 
mho moggricitks, of useful zeugmatographic images from the 
Esther sharp water resonances of organisms, selectively picturing 
ihe various soft structures and tissues. A possible application 
considerable interest at this time would be to the in vivo 
study of malignant tumours, which have been shown to give 
proton nuclear magnetic resonance signals with much longer 
wjtcr spin lattice relaxation times than those in the correspond¬ 
ing normal tissues 6 . 

The basic zeugmatographic principle may be employed in 
many different ways, using a scanning technique, as described 
above, or transient methods. Variations on the experiment, to 
he described later, permit the generation of two- or three- 
dim gnsaortftl images displaying chemical compositions, diffusion 
rttdlidmls and other properties of objects measurable by 
>pxt roscopic techniques. Although applications employing 
nuclear magnetic resonance in liquid or liquid-like systems are 
jimpte and attractive because of the ease with which field 
CTJitienis large enough to shift the narrow resonances by many 




b 



line widths may be generated, NMR zeugmatography of solids, 
electron spin resonance zeugma tography, and analogous 
experiments in other regions or the spectrum should also be 
possible. Zeugmatographic techniques should find many useful 
applications in studies of the internal structures, states, and 
compositions of microscopic objects. 

P. C. Lauterbur 


Department of Chemistry, 

State University of New York at Stony Brook, 
Stony Brook , New York 11790 


Received October 30, 1972; revised January 8, 1973. 
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BIOLOGICAL SCIENCES 

Island Lizards: the Genetic-Phenetic 
Variation Correlation 

Natural populations of many organisms are known to 
contain much more genetic variation than would have been 
predicted by all but a minority 1 of geneticists two decades ago. 
Individuals or several species have up to 22% of their loci 
heterozygous, and from tM0% or more of the loci in a popula¬ 
tion are polymorphic, although the higher estimates may result 
from sampling error 2-4 ; vertebrates tend to be at the lower 
end of these ranges. Estimates such as these are based on 
electrophoretically detectable variation in proteins, so the true 
levels of genetic variation are probably higher 5 . These 
generalizations arc gaining wide acceptance, but there is still 
some unease about their accuracy. The fundamental question 
is whether the loci being sampled are representative of the 
genome as a whole. We here present evidence that the electro¬ 
phoretic approach is relatively unbiased. 

Two groups of lizards were used: eight species of Anolis 
from the West Indies and thirteen populations of the side- 
blotched lizards Uta stansburiana, sema latu , from California 
and Mexico, caught in 1971 and 1972. Geographic variation 
is not a source of heterogeneity, as all specimens from a 
locality were collected within a few hundred metres of one 
another. After capture, they were transported alive or on 
dry ice to the laboratory and stored at — 76° C until needed. 
After skinning, water-soluble proteins were routinely extracted 
and electrophoresed 6 . Six of the eight Anolis species were 
from Puerto Rico, and two, A. extremus and A . roquet , were 
from Barbados and Martinique, respectively. 

A single morphological character was used to estimate 
morphological variation in the Anolis species; the number of 
subdigital scales on the longest toe (second) on the hind foot, 
starting with the most distal lamella and counting proximally. 
Variability in this character is correlated with variability in 
other scale characters, but the other characters were not 
scored as accurately. Estimates of genetic variation in the 
Anolis species were derived from the starch-gel electrophoresis 
patterns of enzymes and nonenzymatic proteins, which together 
appear to represent the gene products of twenty-one or twenty- 
two loci. The proteins assayed were lactate dehydrogenases, 
malate dehydrogenases, a-glyceroFphosphate dehydrogenase, 
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Sir Peter Mansfield (born 1933) 


Sir Peter Mansfield was born on 9 October 1933 in London, Great Britain. His pri¬ 
mary education was spent partly in Devon during the Second World War evacua¬ 
tion of London. His initial secondary school was Peckham Central, but after the 
1948 education act, all the boys were transferred from that school to William Penn 
School, Choumert Road, Peckham. William Penn School was later transferred to 
the site on Red Post Hill where The Charter School now stands. He was told by a 
careers teacher that science wasn’t for him. He then had to leave school at 15. 
Before joining the army Mansfield worked in a print shop and the took A-levels at 
night school. In 1959 he gained a BSc from Queen Mary College, University of 
London and three years later he attained his PhD in physics from the University of 
London. Between 1962-64 he became Research Associate at the Department of 
Physics, University of Illinois and in 1964 Lecturer at the Department of Physics, 
University of Nottingham. In 1979 Sir Peter Mansfield was appointed Professor of 
physics at the Department of Physics, University of Nottingham. 

Sir Peter Mansfield was awarded the Gold Medal of the Society of Magnetic 
Resonance in Medicine for pioneering scientific contributions to biology and 
medicine (1983); Fellow of the Royal Society (1987); the Silvanus Thompson Medal 
by the British Institute of Radiology (1988); jointly with Paul Lauterbur the 
International Society of Magnetic Resonance (ISMAR) prize in recognition of 
“contributions to the fundamentals of NMR and its applications, especially NMR 
imaging” (1992); the Gold Medal of the European Congress of Radiology and the 
European Association of Radiology (1995); the Nobel Prize for Medicine together 
with Paul Lauterbur (2003). 

His interests outside physics are languages, flying - he holds a private pilot’s li¬ 
cence for both airplanes and helicopters - and reading. 



Andrew A. Maudsley (born 1952) 


Andrew A. Maudsley was born June 1,1952 in Nairobi, Kenya. He completed a PhD 
in physics under the direction of Sir Peter Mansfield in 1976. His PhD work includ¬ 
ed the very early development of MRI and resulted in the first MR image from the 
human body, which was of his finger and was published in 1977. Following his PhD 
work he did a postdoctoral fellowship with Professor Richard Ernst, working in 
the area of heteronuclear two-dimensional spectroscopy. In 1979, Dr. Maudsley 
was appointed to a faculty position in the department of radiology at Columbia 
Presbyterian Medical Center, New York, where he worked on the construction of 
the first 1.5-T superconducting magnet system located in a clinical setting. Over 
the next several years Dr. Maudsley and colleagues published several early papers 
in the area of technique developments for MRI and in vivo spectroscopy, including 
the development of spectroscopic imaging methods and the first sodium and 
phosphorus imaging in animals and humans. 

In 1987, Dr. Maudsley joined the faculty at the University of California, San 
Francisco, where he continued development of MR spectroscopy methods for ex- 
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amination of brain diseases in humans, including the areas of stroke, epilepsy, and 
traumatic brain injury. This work is now being continued at the University of 
Miami, where he moved in 2002. In recent years he has concentrated on the devel¬ 
opment and clinical applications of MR spectroscopic imaging, and is currently 
directing a project to implement improved data processing methods for MRI. 

Dr. Maudsley’s publications include 94 papers, 14 book chapters, and 8 patents. 
He has received several grants and awards from the National Institutes of Health, 
is a Fellow of the International Society for Magnetic Resonance in Medicine (1999) 
and is currently serving on the Medical Imaging study section of the National 
Institutes of Health. 
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LETTER TO THE EDITOR 

Planar spin imaging by nmr 


P Mansfield and A A Maudsley 

Department of Physics, University of Nottingham, England 


Received 24 May 1976 


Abstract, A new method of spin-density imaging by nmr is described which allows simultaneous 
observation and differentiation of signals arising from spins distributed throughout a thin 
layer or plane within the specimen- The method, which is based on selective rf irradiation of 
the sample in switched magnetic-field gradients, can produce visual pictures considerably 
faster than previously described line-scan imaging methods, A simple example of a two- 
dimensional image obtained by the method is presented. 


We wish to describe a new nuclear magnetic resonance (nmr) method for producing 
cross-sectional images corresponding to the macroscopic spin-density distribution within 
a specimen. A number of other methods of nmr imaging have recently been described 
(Garroway et al 1974, Hinshaw 1974, 1976, Kumar et al 1975, Lauterbur 1973, 1974). 
In the sensitive point imaging experiments of Hinshaw, the pictures produced were 
formed point by point. In the line-scan selective excitation method (Mansfield et al 1976), 
the picture data is output line by line. In the new method described here, signals from the 
spins distributed throughout a whole layer or plane within a three-dimensional object 
can be simultaneously read-out and differentiated. By this means the process of image 
formation can be speeded up considerably. This speed is vitally important if we are to 
see nmr imaging usefully applied for biological and medical imaging in live animals and 
man- The method relies on selective irradiation of the specimen in switched magnetic- 
field gradients and is an extension of previous work (Garroway et al 1974). 

The sample is placed in a strong static magnetic field B 0 which defines the z axis 
of quantization of the nuclei. For simplicity, we shall restrict the preliminary discussion 
to two-dimensional imaging only. That is to say, we shall assume that the spin-density 
distribution to be determined has cylindrical symmetry along the x axis. In practice this 
specialization to a layer of spins of thickness Ax can be achieved by a selective excitation 
pulse in a field gradient G x if thin layers are required, or for thicker layers one may 
simply rely on the natural spatial selectivity inherent in the receiver-coil geometry. 

In this case, the cycle of events may in the simplest arrangement be described in two 
phases A and B, lasting for times r a and t b , respectively. In phase A a magnetic field 
gradient G y is switched on and a selective excitation pulse is applied simultaneously to 
those spins lying in a grid of strips of width Ay and grid spacing b (figure 1). (N.B. Neither 
the grid nor strip widths need be uniformly spaced but could be selectively tailored to any 
desired distribution. This pulse tailoring corresponds to shaping the transmitter pulses 
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Figure 1, Sketch showing multistrip or grid selection in G y within one layer of magnetization 
of thickness Ax, The shading corresponds to the perturbed spin regions. 


so that they have the desired spectral distribution profile.) The excitation pulse referred 
to here could nutate the initially undisturbed spins through any angle 0, but here we shall 
think of d as being 90°. 

At the end of the A excitation pulse, a second gradient G z is switched on so that the 
processing spins experience the combined effect of both G y and G z . The fid from all 
volume elements mAxAyz spaced at y ~ y 0 + mb in the plane is observed and Fourier- 
transformed to give the spin-density distribution within the solid p(x 0 ,y,z). When the 
fid has decayed, he. in a time t h — t n , various signal-refocussing arrangements (selective 
180° pulses, 90° pulses and various combinations together with field gradient reversals) 
may be employed to recall the signal for signal-averaging purposes. These arrangements 
will he described elsewhere. 

Application of a magnetic-field gradient to a three-dimensional or even two-di¬ 
mensional continuous distribution of spins will not ordinarily allow all elements of the 
distribution to be uniquely assigned magnetically. However, if they could be uniquely 
assigned, then the 'absorption' lineshape would in a single trace reveal the entire spin- 
density distribution. 

By a process of selective irradiation, a discrete lattice structure can be superimposed 
on the otherwise continuous spin distribution. That is to say, we can arrange that we 
observe only those spins lying on a well defined lattice structure, the dimensions of 
which are controlled by selective excitation etc. 

The selection of the spin system in the A phase involves the gradient G y and rf 
pulses which nutate some of the spins through 90°. Precisely which spins are affected 
will depend on the magnitude of the field gradient and the spectral distribution of the 
perturbing tailored RF puke. 

For simplicity we may represent the combined effects of such a tailored pulse and 
field gradient by a spatially selective operator S y . If the spin-density distribution is 
p(x, y, z) then § y p(x, y, z) represents the distribution of spins which receive a 90° nutation. 
In a full three-dimensional version of the experiment, the selection of the layer itself in 
G x may be represented by the operator 

In a generalization of these experiments, we have in mind that the selection processes 
embodied in the operators S x and S y correspond not to single layers of material, but multi¬ 
ple layers. We shall specialize to equally spaced layers of thickness Ax, strips of width 
Ay and points of spacing A z {set by signal sampling) with spatial periodicities a, b and c. 
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Figure 2, A cross-sectional proton spin-density image of a mineral oil annulus produced by 
planar spin imaging. An intensity scale corresponding to a linear density wedge is also in¬ 
cluded across the bottom of the figure. 


(facing page IjflO) 
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In the limit that the undisturbed spin ranges Ax and Ay approach zero, and for discrete 
sampling of the distribution along z, we have 

$ x SJS t p(x, y, z) -> p(la, mb, nc ) = p tmn (l, m, n integer) (1) 

where § 2 is the spatial sampling operator. The effective density, therefore, becomes a 
discrete distribution p lmn corresponding to the lattice points x = al, y = bm and z = cn. 
In this limit, the fid signal as a function of time r becomes 

S = 'Z P\mn cos t D Act> * + mA(o y + nArnJ Av lnin (2) 

where Au lijin is the volume of spins at a lattice point contributing to the signal. The angular 
frequency increments are given by 

Aw x = yaG x (3) 

etc, where y is the magneto-gyric ratio. 

We see from equation (2) that if the gradients and lattice constants are chosen so 
that 

Act) 

NAto t K Aco y < (4) 

where M and N are the largest values of m and n , respectively, all points in the distribu¬ 
tion p lmn are uniquely defined in the frequency domain. (N.B, Although we are talking 
here about superimposing a regular lattice by selective irradiation and sampling, the 
above point is true for a natural orthorhombic lattice). 

Fourier transformation of S in equation (2) will thus yield in one calculation the 
complete three-dimensional density distribution function p lmn . 

The imaging method has been tried out for protons in a liquid mineral oil sample 
in the form of a cylindrical annulus. The measured outer sample diameter is 1>7 mm 
and the inner occlusion is 8T mm diameter The experiments were performed at 15-0 MHz 
using a computer-controlled spectrometer. The sample was selectively irradiated with a 
radiation pattern corresponding to five equally spaced equal-intensity narrow rectangular 
peaks in the rf spectral distribution arranged to span the sample. The transverse response 
following this selection pulse was Fourier-transformed, yielding directly the planar spin 
distribution with a fairly coarse grid along the y direction. A finer grid was obtained by an 
interlacing procedure in which the radiation pattern was shifted up in frequency by 
j and J of the frequency spacing between adjacent peaks in the rf spectral distribution. 
This gives a four-fold finer grid resolution across the specimen and thus allows us to 
produce a visual image. This is shown in figure 2 and consists of a 20 x 40 array. The 
transformed data is used to modulate the spot intensity of an oscilloscope in a television 
raster display. A linear grey scale of sixteen levels of spot brightness covering the range 
black to white is used (Baines and Mansfield 1976). 

The time to perform these particular planar spin imaging experiments, though five 
times faster than line-scan imaging, has been limited by the number of points in our 
discrete Fourier-transfer program as well as the speed of the computer and associ¬ 
ated hardware. With a faster computer there seems no obstacle to producing planar 
images one and possibly two orders of magnitude faster than by line-scanning methods. 
A full account of this work is being prepared and will appear elsewhere. 

We are grateful to the Science Research Council for an equipment grant. 



102 


Chapter 2 Magnetic Resonance Imaging 


L412 Letter to the Editor 
References 


Baines T and Mansfield P 1976 J. Phys. E: Sci. Instrum. 9 in press 

Garroway A N, Grannell P K and Mansfield P 1974 J. Phys. C: Solid St. Phys. 7 L457-62 

Hinshaw W S 1974 Phys. Lett. 48A 87-8 

- 1976 J. Appl. Phys. in press 

Kumar A, Welti D and Ernst R R 1975 J. Magn. Reson. 18 69-83 
Lauterbur P C 1973 Nature 242 190-1 
- 1974 Pure Appl. Ckem. 40 149-57 

Mansfield P, Maudsley A A and Baines T 1976 J. Phys. E: Sci. Instrum. 9 271-8 



103 


2.7 Medical Imaging by NMR 


Sir Peter Mansfield (born 1933) 
see Chapter 2.6 on page 96. 


Andrew A. Maudsley (born 1952) 
see Chapter 2.6 on page 96. 




104 


Chapter 2 Magnetic Resonance Imaging 


1977, British Journal of Radiology, 50 , 188-194 

Medical imaging by NMR 
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Abstract 

Application of the new nuclear magnetic resonance 
(NMR) method of fast scan proton imaging is described. 
Cross sectional proton scans of a human finger in vivo are 
measured and reveal considerable anatomical detail, 
particularly of the soft tissue regions. Imaging of tumour 
tissue is also briefly discussed. 

During the past few years new techniques have been 
developed in nuclear magnetic resonance (NMR) 
which make it possible to form two dimensional 
cross-sectional images related to the distribution of 
protons in biological structures (Hinshaw, 1974 a&b, 
1976 ; Kumar et al ., 1975 ; Lauterbur, 1973 * 1974 ; 
Mansfield and Grannell, 1973 , 1975 a), The methods 
are non-invasive and of low radiation hazard and 
could therefore have some clinical value in medical 
diagnosis. The first crude medical picture of a human 
finger taken in vivo (Mansfield et aL , 1974 ; see also 
Mansfield and Grannell, 1975 b) relied on a slow and 
inexact imaging method based on reconstruction 
from a number of projection absorption profiles. 
Only the gross outline with no internal detail was 
revealed. 

Recently we introduced a new imaging technique 
which does not depend on reconstruction from 
projections (Garroway et aL> 1974 ), It relies on 
selective irradiation of the specimen in switched 
magnetic field gradients. In the fast scan adaptation 
of this method (Mansfield et ah, 1976 ) the mobile 
proton spin density is obtained directly, line by line 
across the specimen cross-section. Since this work, 
the apparatus and display have been considerably 
improved (Baines and Mansfield, 1976 ) thus enabling 
us to produce reasonably detailed pictures of a 
human specimen in vivo , 

In this paper we wish to report new results 
obtained with live fingers, particularly with reference 
to the anatomical information obtained by NMR 
imaging in normal tissue. Brief reference will be 
made to imaging of tumour tissue, though we hope 
to present a more detailed discussion of this aspect 
of imaging elsewhere. 

Principle of operation 

The study of structure in materials cannot 
ordinarily be attempted wfith conventional NMR 
techniques. This is because NMR measures fre¬ 
quency differences or magnetic field variations and 


each piece of resonant material in a specimen is not 
uniquely defined magnetically. However, by using a 
combination of switched linear magnetic field 
gradients plus selective irradiation of the sample, it is 
possible to uniquely assign a frequency to a particu¬ 
lar point in the specimen. The NMR signal coming 
from a localized region of the sample is directly 
related to the mobile proton density at that point. By 
mobile protons we have in mind those contained in 
the free or nearly free water, fat or oil distributed 
throughout the soft tissue regions of the specimen. 
Bone structures, therefore, which contain relatively 
few mobile protons, are generally detectable through 
their lack of signal, while tumours and other soft 
tissues give strong signals. This behaviour contrasts 
with that of conventional X-rays which are scattered 
only rather weakly by protons and so usually give 
pictures for soft tissue regions with relatively poor 
definition. 

Method 

The specimen is placed in a large static magnetic 
field B which polarizes all nuclear spins. (Since 
biological tissue contains 75 - 80 % by weight of water 
we are particularly interested in the proton spin 



magnetization. 
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magnetization, though one could with less sensitivity 
observe other nuclei.) In addition to this field, 
switched linear magnetic held gradients are applied 
along two (or three) principal coordinate axes. We 
first consider a thin disc or slice of magnetization of 
thickness A z within the specimen. Such a slice is 
sketched in Fig. I and is, of course, part of an ex¬ 
tended specimen along the z axis. 

The field gradient G y alone is switched on and the 
spins within the narrow strip Ay at y G are selectively 
excited by applying a “tailored*' r.f, pulse to the 
specimen. The tailoring of the pulse consists of 
shaping the r.f. envelope such that its spectral 
distribution is confined to a harrow band of fre¬ 
quencies. A square unshaped pulse, by contrast, has 
a sine function frequency spectrum with a width 
characterized by the inverse pulse length but with 
extensive sidebands. The r.f. components of the 
tailored pulse interact with spins in a narrow strip 
(shaded strip of Fig. 1 ). This interaction is brought 
about because the spins within the disc of material 
have a range of nuclear Larmor frequencies through 
the action of the linear magnetic field gradient G y . 


Fixed extended 
Specimen 

Transmitter 

coil 

Orthogonal 
receiver coil 




IS MHz 


Transmitter 




H 316 
Computer 


Receiver 





Display 


Fig. 2 . 

Simplified representation of the 15 MHz NMR imaging 
apparatus. The field gradient coda producing G x and Gy are 
not shown. 


Thus only those spins within the shaded strip, which 
have the light Larmor resonance frequency, can 
respond to the selective r.f. pulse. 

Immediately following this selective excitation 
pulse, the field gradient is switched from Gy to G x 
and the spin response or free induction decay (FID) 
signal is recorded and Fourier transformed. For a 
narrow strip [Ay small) at position y Q in either a thin 
slice (Az small), or for a sample with cylindrical 
symmetry, this Fourier transformed signal is 
directly proportional to the proton spin density 
p(x t y 0 ) along x. The transformed signals for each 
strip of the specimen are used to modulate the spot 
intensity of an oscilloscope in a television raster 
display to form a cross-sectional picture of the 
object. The display employs a 16 -level linear grey 
scale covering the intensity range black for zero signal 
to white for high spin density (Baines and Mansfield, 
1976). 

The initial specialization to a layer or plane can 
itself be achieved by a selective irradiation procedure 
in a third field gradient G z . In these experiments, 
however, specialization to a layer is achieved simply 
by relying on the receiver coil geometry. This is a 
flat coil of 2 cm diameter and our experiments show 
that most of the received signal comes from a layer 
approximately 8 mm thick. 

A simplified diagram of the imaging apparatus is 
shown in Fig. 2 . The 15 MHz r.f. excitation pulses 



Fig. 3. 

Cross-sectional proton scan of a phantom filled with mineral 
oil (see text for details). The time to produce this picture 
was 40.5 min. The full picture size slightly exceeds a 
64 X 64 data array, thus squaring off the circular edges. The 
missing data were not lost but overflowed into the other 
quadrants of a 128 X 128 data array. The field gradients were 
Gx=Q,69 G cm 4 and Gy—0.86 G cm -1 . Each line of the 
picture was averaged 128 times. 
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are fed from the transmitter to a pair of cylindrical 
Helmholtz coils (Ginsberg and Melchner, 1970 ) 
surrounding the sample as shown. The peak pulse 
power was 1 *0 watt and the pulse duration 7.4 msec. 
The production and shaping of the pulses, switching 
of the field gradients, data acquisition, Fourier 
transformation and data display are all performed 
on-line with a Honeywell H 316 minicomputer. A 
more detailed description of the apparatus and the 
method is given by Mansfield et aL ( 1976 ), Placing 
the finger in the receiver coil was found to increase 
the received noise through the antenna action of the 
body. However, we found that simply holding an 
earthed sheet with the free hand reduced the pick up. 
No other special precautions were taken to shield the 
receiver coil against induced noise. 

Results 

Phantom test 

Figure 3 is a cross-sectional picture of the proton 
distribution of mineral oil in a phantom object and 
illustrates the spatial resolution obtainable In the 
present line-scan imaging experiments. The sample 
consisted of a thick-walled 1,4 mm bore glass 
capillary tube and a solid circular glass rod immersed 
in mineral oil, the whole being contained in a 
circular cross-section glass test-tube of inside 
diameter 14,6 mm. This picture and all biological 
pictures presented in the next sections are made up 
from 64 X 64 point arrays. 

A linear grey scale wedge is added to later pictures 
to aid intensity comparisons; however, for precise 
measurements actual data can be output numeri¬ 
cally. 

Spin-lattice relaxation effects 

We assume here that the local spin magnetization 
at coordinates x, y in a given plane z is destroyed 
following one selective excitation pulse, but recovers 
exponentially, through a single simple spin-lattice 
relaxation process in a characteristic time Tifjcy), 
Thus the effective spin density p(ffyr) observed in 
these images depends on the time delay r between 
successive excitation pulses according to the re¬ 
lationship p(^yT)=p(jc_y)[ 1 -e^ T / r i< 3e ^]. That is to 
say, it is possible for localized regions of the 
specimen to give a picture brightness which is less 
than the localized spin density would suggest; for 
example, if the ratio rjT\{xy) is small. We refer to 
this effect as spin-lattice relaxation time discrimina¬ 
tion and most of the intensity variations between 
tissue types seem to be attributable to this effect 
rather than to real density variations, though if 
present, these too will aid picture contrast. 


The variations in Ti(ry) within a specimen are a 
reflection of the variations of both the mobility of the 
free water, fat or oil and the concentration of dis¬ 
solved minerals, nutrients, etc,, characteristic of the 
various tissues. 

Finger images recorded in vivo. 

A number of cross-sectional proton scans have 
been produced at various positions along the right 
hand third digit of AAM. We have found that quite 
good discrimination between the various tissues can 
be obtained using a delay of 0,5 sec. Similar results 
and discrimination were found with the finger of 
another subject (PM), 

Two scans midway along the mid-phalanx of 
AAM's third right hand digit are shown in Fig, 4 and 
correspond to cross-sectional views looking into the 
end of the digit. The dorsal plane passes through the 
top and the palmar plane through the bottom of each 
picture. The delay in Fig. 4a was 0,5 sec. Each line 
of this picture was averaged 48 times. The final 
picture took 23 mins to produce. Figure 4 b is a proton 
scan of the same cross-section as 4a, but with the 
delay t reduced to 0.3 sec. This picture took 15 min. 
to produce. The irradiation gradient G y was 0.41 
G cm -1 and the read gradient G x w r as 0,34 G cm -1 for 
both pictures. Figures 5a and b are colour representa¬ 
tions of the data of Figs. 4a and b. The data are 
presented through a window comprising eight 
distinguishable colours corresponding to eight out of 
the original 16 data levels. In order to give easier 
discrimination the window base level and the colour 
scales were set in each case to maximize colour 
contrast between data levels. Figure 6 is a sketch 
traced off Fig, 4a showing more clearly the ana¬ 
tomical details that we have been able to recognize. 
(Kaplan, 1965 ; Landsmeer, 1976 ), (Inevitably some 
clarity is lost from these pictures in the photographic 
reproduction.) 

Strong signals are received from the skin and 
subcutaneous areolar and fibro-fatty tissue giving the 
general outline of the mid-phalangial cross-section. 
The bone tissue shows as a dark ring surrounding 
the bright zone produced by strong signals from the 
marrow region. Immediately below the bone is a 
second dark ring structure of the fibrous flexor 
tendon sheath. Within this and slightly brighter are 
the central flexor profundus and the two unresolved 
components of the flexor subfimis tendons (flexor 
digitorum superficial is). Above the bone towards the 
dorsal plane is a dark horizontal line corresponding 
to the unresolved mid- and lateral bands of the mid¬ 
phalanx extensor tendons. Figures 4b and 5b show 
the same general characteristics as 4a and 5a, but the 
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10 mm 

a Fig. 4. b 

Cross-sectional images of a finger obtained in vivo by NMR ( see text for full details). 
(a) delay r=0.5 sec. (b) delay r — 0.3 sec. 



A Fig. 5. b 

Colour versions of the finger images shown in Figs. 4a and E. 

(a) The eight colours black through to white correspond to data levels 6-13. The delay time r=0.5 sec. 
(b) The eight colours black through to white correspond to data levels 2—9. 

In both pictures, data falling outside the window limits are presented as all black or all white as appropriate. 
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Fig. 6, 

A reduced tracing from Fig, 4a showing the recognizable 
anatomical detail that we have been able to obtain from it. 


overall brightness and level of discrimination of the 
black and white image is reduced with the shorter 
delay. Differentiation of the flexor profundus from 
the periosteum and chiasm a tendinum are less 
pronounced indicating that the Ti of the flexor 
profundus is of the order of 0.3 sec. The marrow 
region, on the other band) remains quite bright. This 
suggests a Ti much less than 0,3 sec. 

The digital arteries and nerves are just resolved in 
Figs, 4a and 5 a and their positions sketched in Fig. 6, 
The fact that one can distinguish the arteries from 
the surrounding tissue means that, with higher 
resolution or with larger blood vessels in other parts 
of the anatomy, NMR imaging offers the possibility 
of making direct blood flow measurements. The 
principle of such measurements depends on the re¬ 
plenishment of spin saturated blood caused by flow 
of fresh polarized (unsaturated) blood into the 
sample coil region, thus producing an apparent re¬ 
duction in the spin-lattice relaxation time of the 
blood directly related to its flow rate. Slight modi¬ 
fications to the imaging method described would 
be necessary for such measurements. 

Also apparent in these pictures are darker sliver- 
like concentric regions or pockets as indicated in the 
sketch. We ascribe these to discontinuous regions 


Fig. 7. 

Proton scans showing spin-lattice relaxation time discrimi¬ 
nation of images obtained from excised rat specimens of 
normal and malignant tissue. The tissue was contained in 
3 mm glass tubes labelled as follows: 1. hepatoma (D23); 
2, normal skin tissue; 3, liver; 4. sarcoma (MC7); 5, water 
control. The specimens in each picture are the same but the 
delay time t was varied: (a) t= 1.2 sec; (b) t= 0.67 sec; 

(c) t“ 0,37 sec. 
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within the fibro-fatty layer which could be either 
variation in fibro-fatty content or branches of digital 
nerves or blood vessels. Adipose layers are likely to 
have a shorter Ti (Hollis et aL , 1975 ) and would thus 
appear as bright regions. It would seem from Fig. 4b 
that these regions, as with other parts of the finger, 
owe their contrast in the NMR image principally to 
localized variations rather than to significant spin 
density variations. 

Cross-sectional scans have also been made through 
the distal phalangial joint and the mid point and tip 
of the distal phalanx. In all cases the general features 
as reported here are reproduced, though the distal 
flexor and extensor tendons are more diffuse at the 
joint and the bone somewhat smaller in the distal 
region as expected. 

Tissue Types 

From the point of view of the present NMR 
imaging studies, tissue types can be classified, by 
their mobile proton density (in many cases this Is 
essentially the free water content) and spin lattice 
relaxation time Ti (see for example Kiricuta and 
Simplaceanu, 1975 ; Hollis et aL, 1975 ). If 7 i is 
similar between two tissue types, one must rely 
on more accurate measurement of water concen¬ 
tration to differentiate between them. Our measure¬ 
ments are accurate to only one part in 16 (the display 
range). Lack of computer core has forced us to 
discard the original information which had an 
accuracy of 1 in 10 3 . Nevertheless, through Ti 
differences, striking contrast can be achieved. 

Figures 7a-c show a series of NMR images for 
decreasing delay r obtained from the same set of 
excised tissue specimens taken from young normal 
white wistar rats. The samples were contained In 
four 3 mm i.d. glass tubes, labelled 1 -4 in Fig. 7 . As 
a control the fifth tube, number 5 , contained doped 
water with Ti ~ 10 G msec. Tubes 1-4 contained 
respectively hepatoma (D 23 ), a sample of normal 
skin tissue, normal liver and sarcoma (MC 7 ). 
Samples 2-4 were taken from the same animal. Both 
animals were injected with 0.5 ml of the anti¬ 
coagulant heparin. The NMR images were produced 
within 2 hours of sacrifice. The delay m Fig. 7 A was 
1.2 sec resulting in no noticeable discrimination 
between the various specimens. In Fig. 7b, the delay 
was reduced to 0.67 sec and clear differentiation 
between the norma! and malignant tissues results. 
The numerical data for this picture show a slight 
discrimination between the two normal specimens, 
numbers 2 and 3 , and between the two malignant 
specimens, numbers 1 and 4 . Further reduction of 
the delay time in Fig. 7c reduces the tumour images 


to almost zero intensity and begins to affect the 
intensity of the normal tissue images too. According 
to D am ad i an ( 1971 ) and others (Weiss man et aL, 
1972 ; Frey et al. , 1972 ), T\ in malignant tissue is 
about T .5 times longer than that of the corresponding 
normal tissue. In spite of this small factor, strong 
intensity contrast is possible in our images by 
adjusting the delay time r. 

Conclusion 

We have demonstrated that NMR imaging of 
fingers in vivo is able to produce reasonably clear 
cross-sectional anatomical pictures in times up to 23 
min. No special precautions were taken to damp the 
subjects* hand so that blood flow and general 
movement, at one time considered to be a possible 
limit to spatial resolution, have not been found to be 
troublesome. By implication, therefore, we do not 
anticipate problems in producing cross-sectional 
images of the limbs and head where movement can 
be made negligible. Involuntary movements in other 
parts of the anatomy are likely to be troublesome, 
however, unless the scan time can be considerably 
reduced below 23 min. The experiments described 
produced no sensation in the finger and the mean r.f. 
power levels used were well below any perceptible 
heating level. 

The results on normal and malignant tissue 
suggest that tumourous regions of a subject will give 
good image contrast against a background of normal 
tissue. This should aid the detection and diagnosis of 
tumours in cases where there are no obvious geo¬ 
metrical distortions, that is to say In the early 
detection of cancer. 

Our magnet system has restricted the maximum 
specimen size to a diameter of 2.0 cm. However, we 
are planning shortly to study much larger specimens 
at operating frequencies In the range 1-2 MHz using 
a specially designed low field spherical electro¬ 
magnet which is under construction. 
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Book review 

Radiostertlization of Medical Products, 1974. Pp.536, 1975 
(Vienna, International Atomic Energy Agency), 533,00. 

This volume contains L the proceedings of a symposium 
held under the auspices of the International Atomic Energy 
Agency at Bombay in December 1974. Of the 42 papers 
presented in eight sessions, the majority are in English, 
seven in Russian, three in French and one in Spanish. 

Three sessions deal with the conditions required for the 
control of microbiological contamination and the dosimetric 
problems involved. The effects of radiation on the materials 


being sterilized are considered in two sessions and an 
interesting final session is devoted to the types of radiation 
plant being used, or about to be commissioned, in different 
parts of the world. Also included is a report by a working 
party of the IAEA in w T hich are set out revised recom¬ 
mendations for the radiosterilization of medical products. 

This book will be useful not only for those involved jn the 
production of sterile medical equipment, but for those wish¬ 
ing to obtain some background in this field. 

N. E. Gillies. 
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Human whole body line-scan imaging by NMR 

By P. Mansfield, 1. L. Pykett, and P. G. Morris 
Department of Physics, University of Nottingham 
and R. E. Couplarrd 

Department of Human Morphology, School of Medicine, University of Nottingham 

(Received July, 1978) 


Historically, the first nuclear magnetic resonance (NMR) 
pictures demonstrating live human anatomy were produced 
recently (Mansfield and Maudsley, 1976; 1977) using a line¬ 
scanning technique. The original specimens studied were 
limited in object size to cross-sectional views through 
fingers. A number of other approaches to imaging by NMR 
are also being developed and are compared, discussed and 
referred to elsewhere (Brunner and Ernst, 1978; Pvkett and 
Mansfield, 1978), 

Recent development 'and expansion of our imaging 
apparatus has now allowed us to examine objects of the 
dimensions of the whole human body. In this paper we wish 
to report the first NMR line-scan medical image of a thin 
cross-sectional slice of a live human body. 

Our work should be seen in the general context of other 
medical imaging schemes (Hounsfield, 1973; Hill, 1976; 
Budlnger, 1974), where improvements in techniques and 
picture quality have recently achieved very high standards, 
NMR imaging, however, is in its infancy, but nevertheless 
has merit as a non-invasive and, we believe, non-hazardous 
technique. There is also the possibility of using NMR imag¬ 
ing in conjunction with other measurable NMR parameters 
for normal and abnormal tissue characterization and for 
physiological studies including blood flow measurements. 

Our NMR imaging technique, based on selective excita¬ 
tion in switched magnetic field gradients, was first described 
by Garroway et ah (1974), A slightly modified version of the 



Fig. t. 

Cross-sectional line-scan NMR image through the abdomen 
at L2-3, Arrow indicates mid-line posterior. Left side lies to 
the left of the illustration. Bright zones correspond in general 
to high mobile proton content. See Fig. 2 for labelled 
details. 


fast line-scanning adaptation (Mansfield et at., 1976) is the 
basis of the technique reported in this paper. The thickness 
of the cross-sectional slice examined was set to approxi¬ 
mately four cm in these first experiments. Selected lines of 
material across the slice are scanned from one edge of the 
subject to the other and the subsequent data sets for each 
scanned line are stored in a computer for subsequent display 
as a picture (Baines and Mansfield, 1976). Large signals 
which produce the bright zones in the images come in 
general from high concentrations of mobile protons con¬ 
tained within or near the various tissues and organs. By 
mobile protons, we have in mind those associated with the 
free water, fat or oil contained in or distributed throughout 
the various tissues and organs of the body. 

The whole body image shown in Fig. 1 is a transverse 
section through the abdominal region (of PM) at the level of 
the third and lower part of the second lumbar vertebrae. 
Figure 2 is a line tracing of Fig. 1 labelling the recognizable 
morphological features. The liver is visible as a well-defined 
mass mainly on the right of the picture and blends with the 
abdominal wall at the periphery. The vertebrae are identi¬ 
fiable in the mid-line and the kidneys lie in the mid-lateral 
region with the spleen adjacent on the left. The central 
circular images probably correspond to the abdominal aorta, 
with the pancreas lying anterior, inferior vena cava and duo¬ 
denum. We believe that the variable dense anterior central 



Fig. 2, 

Labelled image of Fig. 1. A = aorta, C“colon, D—duo¬ 
denum, G=gall-bladder, I = inferior vena cava, K = 
kidneys, L=liver, P— pancreas, S=spleen, SI = stomach 
and intestines, V = vertebra. Abdominal muscles and retro¬ 
peritoneal fat (MF) are seen adjacent to the vertebra. 
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Fig. 3. 

Cross-sectional line-scan NMR image through a cadaver 
thigh. The scan time for this picture was approximately 26 
min. The profile of the femur is clearly visible (upper left) 
with central bone marrow. 


region shows parts of the stomach and intestines and pro¬ 
files of colon are anterior to the kidneys. The ovoid outline 
anteriorly and to the right, associated with the liver image, is 
probably gall-bladder. 

The image of Fig* 1 comprises 75 x 90 picture elements 
and took 40 min. to produce. Each line of the picture was 
averaged 96 times. Some loss of picture quality is ascribed 
both to involuntary bodily movements, especially respira¬ 
tion * and lack of complete r.f. penetration at 4.0 MHz, the 
NMR resonance frequency used in these experiments* Some 
correction for the latter effect and some data enhancement 
has been applied in Fig. 1. The effect of movement could be 
minimized by using ultra high-speed planar NMR imaging 
techniques (Mansfield and Pykett* 1978). 

A cadaver thigh section image shown in Fig. 3 reveals the 
femur, femoral vessels and profunda femoris vessels and 
other morphological detail using raw data only. The extra 
clarity reflects the importance of restricting movement. 

Magnetic field gradients of approximately 0.0+ G cm’ 1 
were used and passed through the whole of the torso region* 
Switching the gradients in 50 /*sec produced no sensations 
whatsoever. As an initial precaution live rabbits, rats and 
guinea pigs were previously subjected to switched gradients 
and a cat was scanned with no problems a day before the 
human experiments* 

The first whole-body line-scan experiment w r as performed 
during the evening of April 13, 1978 and has produced no 
acute or chronic ill-effects to date. 


The electromagnet used for this work was built by 
Oxford Instruments and comprises four air-cored concen¬ 
tric coils approximating to a spherical magnet design. Dis¬ 
persed iron used in the construction of the physics research 
building impairs the static performance of the magnet and 
causes some non-linearity and degradation of the spatial 
resolution of our first whole-body pictures* 

Our experiments were performed at a repetition fre¬ 
quency of 3 Hz* As a general caveat we suggest that fre¬ 
quencies in the range 30-150 Hz, known to be dangerous in 
a.c. electric shock, should be avoided in any future experi¬ 
ments. Similar precautions should also be taken to avoid 
known alpha -ivave brain frequencies if head scanning experi¬ 
ments are planned. 
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Summary Ten patients with multiple sclerosis (MS) 
were scanned by means of cranial X-ray 
computed tomography (CT) with and without intravenous 
contrast enhancement, and by nuclear magnetic resonance 
(NMR) using an inversion-recovery sequence. Altogether 19 
lesions varying in size between about 7 mm x 5 mm and 13 
mm x g mm were demonstrated by CT. They were all 
situated in the periventricular region. Two patients also 
showed moderate ventricular enlargement. In addition to 
these abnormalities 112 further lesions were demonstrate don 
the NMR scans. These lesions varied in size from 4 mm x 3 
mm to 12 mm x 7 mm and were particularly well seen in the 
periventricular region and brainstem. Care is required in the 
assessment of NMR scans to exclude artefacts, background 
noise, and mottle as well as normally situated grey matter and 
partial volume effects from cerebral sulci. NMR nevertheless 
demonstrates abnormalities in MS on a scale not previously 
seen except at necropsy. 

Introduction 

ALTHOUGH the clinical diagnosis of multiple sclerosis 
(MS) is sometimes straightforward it can also prove a major 
challenge. In doubtful cases the detection of subclinical 
lesions with evoked potentials and X-ray computed 
tomography (CT) I>2 may be valuable, and CSF analysis may 
also be useful. 3 Even so, post-mortem studies usually reveal 
many more lesions than were suspected during life. 

In a previous paper we described the striking 
differentiation between grey and white matter of the brain 
seen with nuclear magnetic resonance (NMR) imaging, and 
We suggested that this technique might find application in 
diseases in which demyelination was a prominent featured 


We now present the results of NMR examination of ten 
patients MS and compare them with those obtained with CT. 


Patients and Methods 

Patients 

Ten patients investigated in the Department of Medicine 
(Neurology) at Hammersmith Hospital were chosen for evaluation. 
Eight (patients 1 to 8) fulfilled the criteria for a diagnosis of 
"clinically definite" MS suggested by McDonald and Halliday, 5 
Patient 9 fell into their "progressive probable" category and patient 
10 into their "early probable" group. 

Age at onset of the disease ranged from 18 to 50 years, and the 
duration oft he disease at the time of scanning varied from 7 months 
to 25 years. Seven patients had evidence of brainstem lesions such as 
ataxic nystagmus, inter nuclear ophthalmoplegia, facial numbness, 
or facial paresis, and eight had clinical evidence of cerebellar 
involvement. Seven had pallor of the optic discs or gave a history 
suggestive of retrobulbar neuritis, and the visual evoked responses 
were abnormal in each of these cases. The cerebrospinal fluid had 
been examined at some stage in every case and found to be abnormal. 
The abnormalities varied in specificity and ranged from a 
pleocytosis of 5 or more cells/ml to the presence of IgG of 
oligoclonal origin. The main features are summarised in table I. 

Methods 

In each patient cranial CT scans were made with a Siemens 
Somatom 2 whole-body scanner operating at 125 kVp, with and 
without intravenous contrast enhancement with 60-100 ml of 76% 
sodium and meglumine diatrizoate. 10 s 230 mAs scans of the brain, 
of 8 mm slice width, were made at 10 mm intervals. 

10-13 NMR inversion-recovery scans, approximately 9 mm 
wide, were made on each patient at intervals of 10 mm 
corresponding in position to the CT scans. The machine and 
scanning sequence have been described elsewhere. 4 The NMR 
scanning procedure conformed to guidelines provided by the 
National Radiological Protection Board, 6 and informed consent was 
obtained before the examination in all patients. 

The CT scans were examined for evidence of focal areas of low 
attenuation, abnormal contrast enhancement, ventricular 
enlargement, and cortical atrophy, according to generally accepted 
criteria . 7 ’ 8 

After a preliminary examination of all the NMR scans areas of 
abnormality were tentatively identified. 10 cranial NMR scans of 
normal volunteers of mean age 38 years were then examined for 
evidence of abnormalities similar to those seen on the scans of the 
MS patients. From these two sets of data diagnostic criteria were 
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TABLE I-CLINICAL FEATURES OF MU LTIPLE-SCLEROSIS PATIENTS 


Patient 

Sex 

Age at 
onset of 

MS (yr) 

Duration 

(yt) 

Clinical lesions 

CSF 

abnormality 

Visual 

pathways 

Brainstem 

Cerebellum 

Cortico¬ 

spinal 

tracts 

Sensory 

pathways 

I 

F 

43 

a 

0 

+ 

± 

+ 

+ 

+ 

2 

F 

50 

n 

0 

+ 

4 - 

+ 

+ 

+ 

3 

F 

29 

13 

+ 

+ 

0 

+ 

+ 

+ 

4 

F 

2d 

6 

0 

+ 

+ 

+ 

+ 

4 

5 

F 

32 

3 

+ 

+ 

0 

0 

+ 

+ 

6 

M 

25 

25 

4 

0 

+ 

+ 

- 

+ 

7 

F 

31 

4 

+ 

0 

+ 

+ 

+ 

+ 

a 

F 

40 

11 

+ 

0 

+ 

+ 

+ 

+ 

9 

M 

3S 

2 

+ 

+ 

+ 

+ 

+ 

+ 

10 

F 

is 

0 r 6 

+ 


+ 

+ 

4- 

+ 


established which excluded possible suspect areas in normal 
volunteers. These criteria were then reapplied to the MS patients to 
provide a basis for diagnosis. These minimum criteria are 
summarised below' 

1, The lesions had to have a longer relaxation time than adjacent 
white matter, giving a grey appearance on images produced 
with the present display system- 

2, Only areas within white matter were considered, and special 
care was taken to exclude the basal ganglia, thalamus, red 
nucleus, and substantia nigra, 

3, The lesions had to have well-defined margins. 

4 r Areas of artefact, noise, or sign ificant backgrou nd mottle were 
excluded. 

5. When the margins were particularly clearly defined, lesions 
were accepted down to a size limit of approximately 4 mm X 3 
mm on good-quality images. With large abnormal areas care 
was taken to distinguish a single lesion from multiple 
confluent ones. 

6* Problems in distinguishing lesions from partial volume effects 
produced by cortical sulci effectively excluded much of the 
supraventricular region and the peripheral subcortical areas. 
Care was also taken to exclude partial volume effects from the 
posterior horns of the lateral ventricles. 

It was accepted that the size limit might exclude small lesions 
which in all other respects had the features of MS, It was also 
recognised that the deliberate exclusion of the subcortical regions 
and cerebral grey matter (where many plaques may be seen at 
necropsy) would result in an underestimate of the number of 
lesions. 


TABLE II—DISTRIBUTION OF CT AND NMR LESIONS 


Le vel of scan 

No. of slices 

No. cf lesions 

CT scan 

NMR scan 

Supraventricular 

23 

3 

9 

High ventricular 

12 

2 

IS 

Mid-ventricular 

13 

10 

35 

Low ventricular 

IS 

4 

31 

Mesencephalon 

16 

0 

17 

Pons 

12 

0 

15 

Medulla 

12 

0 

6 

Total 

106 

19 

131 


Results 

The number and distribution of lesions seen by the two 
techniques are summarised in table 11. 

19 lesions were identified by CT. These varied in she 
between about 7 mm x 5 mm and 13 mm x 8 mm. They were 
all seen in relation to the lateral ventricles, particularly the 
posterior horns and superior aspect. Two such lesions are 
demonstrated in fig. 1A (arrows). Hone of the lesions 
displayed contrast enhancement, and abnormal enhancement 
was not seen in other areas of the patients* brains. Two 
patients showed ventricular enlargement, and in one of these 
there was possibly a mild degree of cortical atrophy. 

On the NMR scans between 9 and 22 lesions were seen in 
each patient, and a total of 131 lesions was recorded in the ten 
patients. The abnormalities were seen in the periventricular 
region in relation both to the lateral margins of the lateral 



Fig. 1—Comparable CT (A) and NMR (B) scans in patient 10 at mid-ventricular Level, 


The two posterior periventricular lesions seen on [he CT scan are also seen on theNMRscan (large arrows). In addi¬ 
tion 6 smaller lesions art seen on the NMR scan at the lateral margin of the lateral ventricles (small arrows). The 
sharply defined area on the medial margin of the left posterior hem is a circular artefact- 



























2.9 NMR imaging of the brain in multiple sclerosis 


117 


THE LANCET* NOVEMBER 14,1931 


1065 



Fig. Z—’Comparable CT (A) and NMR (B) scans in patient 6 at low ventricular level. 

No abnormality can be identified on the CT scan, but 5 lesions are seen qn the NMR scan in relation to the anterior 
and posterior horns of the lateral ventricles (arrows). 



Fig. 3—Comparable CT (A) and NMR (B) scans in patient 10 at poniinc level. 

No abnormality is seen on the CT scan, but 4 lesions are seen within the pons and middle cerebellar peduncles on the 
NMR scan. The two small grey areas slightly to the right ofthe midtine within the pons have not been included since 
their size {2 mm x 2 mm) does not meet the diagnostic criteria used for this study, There is a circular artefact to the left 
ofthe mid line. 


ventricles (fig. IB) and to the anterior and posterior horns 
(fig. 2B), Lesions were also frequently seen within the brain¬ 
stem and cerebellum s where they were not disclosed by CT 
(fig. 3). The abnormal areas were often irregular. Smaller 
lesions were usually circular or bar-shaped, and larger 
tortuous ones were also seen, particularly in the brainstem, 
Curvilinear defects were seen following the direction of fibre 
tracts, particularly within the middle cerebellar peduncle, 
'‘Scooped out” areas were observed at the margins of the 
lateral ventricles. Not infrequently the margins ofthe lateral 
ventricle were irregular—an appearance which could have 
been due to the effects of multiple small defects. In the 
brainstem, lesions were frequently seen at the external 
surface, as well as extending from the lateral angles of the 
fourth ventricle. Their size varied from about 4 mm X 3 mm 
to 12 mm x 7 mm. 

The application of the size criteria used in this study is 
illustrated in fig. 3B, where the arrowed lesions have been 
included but the smaller (2 mm x 2 mm) grey circular areas 
fust to the right of the midline within the pons have been 


excluded. Focal areas with increased relaxation times were 
also noted in grey matter, particularly the thalamus, but they 
have also been excluded. 

In all cases where a lesion was recognised on CT it was also 
seen on NMR, usually with a better-defined margin (fig. I). 
The difference in the number of lesions seen with CT (19) 
and NMR (131) was highly significant on a paired t test 
(p<0 ■ 001). The number ofiesions detected at different levels 
of the brain is shown in table II. In both cases in which 
ventricular enlargement was seen on CT it was also evident 
on the corresponding NMR scan. 

All three patients without clinical evidence of brainstem 
disease showed lesions in the brainstem on NMR scan. No 
significant correlation was found between the length of 
history and the number ofiesions seen on NMR scan. 

Discussion 

NMR revealed abnormalities in patients with multiple 
sclerosis on a scale not previously seen except at necropsy. 
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although the specificity of these abnormalities is uncertain at 
present. 

The finding of CT lesions in five of our ten patients was 
more than the 37% of 110 patients 7 and the 24% of 66 
patients 8 found in larger series. The results in these two series 
were obtained with early-model CT scanners, but even using 
a more modern scanner with 5 mm slices examination of two 
cadaver brains showed the minimum detectable size of a CT 
lesion to be 7 mm.* In the Latter study only 8 of a total of 70 
lesions demonstrated at necropsy were detected on initial CT 
examination, and a further 6 retrospectively. These findings 
are consistent with the relative insensitivity of CT in 
detecting MS lesions found in the present study. 

There are a number of reasons for regarding the lesions 
demonstrated by NMR as representing MS plaques. Firstly, 
the areas of abnormality satisfying the diagnostic criteria for 
NMR lesions were seen in all ten patients with MS but in 
none of the ten normal volunteers. Secondly, the 19 lesions 
seen on CT scans which satisfied the generally accepted CT 
criteria for the diagnosis of MS plaques were all seen on 
NMR scans in corresponding positions. Thirdly, the 
distribution of NMR lesions in the brainstem and 
periventricular regions, with particular emphasis on the 
angles of the anterior and posterior horns, corresponds to the 
distribution of plaques at necropsy. 10i 13 The size and shape of 
NMR lesions also corresponds to what Is seen 
macroscopically, Lastly, differentiation between grey and 
white matter by NMR scans in the normal brain depends on 
the short relaxation time of hydrogen within lipid. 3 2 Loss of 
lipid in MS plaques would therefore be associated with 
increased relaxation time, as seen in the defects we describe. 

The potential of NMR in the diagnosis of MS needs little 
emphasis. NMR scanning promises to be of value both in 
patients presenting with symptoms and signs referable to the 
brain and in those in whom disease appears confined to the 
spinal cord. The technique may also provide a measure oft he 
severity of disease in established cases, and thus be used to 
monitor the effectiveness of therapeutic regimens. 

Wc thank the Department ofHealth and Social Security, and in particular 
Mr Gordon Higaon and Mr John Williams, for their continued support and 
encouragement; and the Director, Central Research Laboratories, Thorn- 
EMI Ltd., Tor permission to publish this paper. 

Requests for reprints should be addressed to R. E. S,, Department of 
Diagnostic Radiology, Royal Postgraduate Medical School, Ducanc Road, 
London Wi2 OHS. 
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DRUG THERAPY FOR PLASMODIUM 
FALCIPARUM MALARIA RESISTANT TO 
P YRIM ET H AMINE-SU LF ADOX IN E 
(FANSIDAR) 

A Study of Alternate Regimens in Eastern Thailand, 
1980 

Mark Reacher Carlos C, Campbell 

John Freeman E. Brian Dgberstyn 

A. David Brandling^Bennett 

Vector Biology and Control Division? Centerforjnfectiom Diseases, 
Centers for Disease Control, Public Health Service, Department of 
Health and Human Services, Atlanta, Georgia , USA.; American 
Baptist Mission, Thailand; World Health Organisation, 
Thailand; and the Thai National Malaria Program 

Summary A trial of drug regimens for treating 
Plasmodium falciparum malaria was conduc¬ 
ted in a refugee camp in eastern Thailand where extensive 
‘Fansidar 1 (pyrimethamine-sulfadoxine) resistance had been 
demonstrated. The efficacy ofquinine alone was compared to 
that ofquinine combined with either fansidar or tetracycline. 
Quinine alone cleared the parasiraemia in 57 of 59 patients 
but failed to cure approximately one-third of these patients 
after 7 or 10 days of therapy. The addition of fansidar to 
quinine therapy did not significantly improve the overall cure 
rate. Tetracycline given for 10 days in combination with 
quinine cured all patients, suggesting that tetracycline should 
be considered in treating patients with falciparum malaria 
contracted in the area of the Thai-Kampuchean border. 

Introduction 

THE emergence in 1979 o f Plasmodium falciparum malaria 
resistant to ‘Fansidar’ (tablets containing pyrimethamine 25 
mg, sulfadoxine 500 mg) in eastern Thailand 1 has created a 
serious problem in malaria chemotherapy* Widespread 
resistance to fansidar was initially recognised in Khmer 
refugee camps along the Thai-Kampuchean border, 1 where 
P. falciparum was the predominant species of malaria, 3 
Chloroquine-resistant falciparum malaria, first documented 
in Thailand in 1962, 4 has been prevalent throughout the 
country since the early 1970s; 5hG therefore, in areas that also 
have fansidar resistance no single-dose or short-course 
therapy for the cure of falciparum malaria has been available. 

Observations in early i960 suggested that quinine, given 
alone or in combination with other anti mala rials, would be 
needed to cure multiple-drug-resistant P. falciparum 
infections. Previous reports fromThailand 7 * 3 indicated that 6 
or 7 days of quinine therapy (I S g salt/day) would cure 
75-85% of infections, A decade ago tetracycline was shown 
to be highly effective against chloroquine-resistant P. 
falciparum 9 * 10 when given in combination with quinine. 
Whereas fansidar had limited efficacy when administered 
alone, it potentially retained a therapeutic effect when 
combined with a rapid schizontocidal drug such as quinine. 13 

To determine whether the combination of fansidar or 
tetracycline with quinine would shorten the course of therapy 
and produce a higher overall cure rate of fansidar-resistant?. 
falciparum, we evaluated malaria chemotherapy in the 
Khmer refugee camp with the highest prevalence of malaria 
during the peak 1980 transmission season. The results of this 
study identified drug regimens which are effective against 
fansidar-resistant P , falciparum infections in Thailand. 
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Graeme M. Bydder (born 1944) 


Professor Graeme M Bydder was born on 1 May 1944 in New Zealand. After early 
education in schools in New Zealand he qualified from the University of Otago 
Medical School in Dunedin in 1969. After early jobs in Otago Medical School, 
Graeme Bydder travelled to London, where he worked at the Clinical Research 
Centre in Northwick Park Hospital as an MRC Research Fellow. In 1981 he moved 
to the Hammersmith Hospital, where he spent over 20 years, becoming a Professor 
of Diagnostic Radiology in 1989. In 2003 he moved to the University of California 
in San Diego as a Professor of Radiology. At the Hammersmith Hospital, in the 
Robert Steiner MRI Unit, Professor Bydder was instrumental in much of the early 
pioneering clinical research into this technology. He is the author of many impor¬ 
tant clinical papers on magnetic resonance imaging and has been the recipient of 
many honours, including the gold medal of the Society of Magnetic Resonance in 
Medicine in 1997 and the gold medal of the Royal College of Radiologists UK 2001. 



Ian Robert Young (born 1932) 
see Chapter 2.9 on page 114. 
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MR Imaging: Clinical Use of the Inversion 
Recovery Sequence 


G. M. Bydderand I. R. Young 


Abstract: The properties of the inversion recovery (IR) sequence are consid¬ 
ered and its use in clinical practice is illustrated. The effect of changing rep¬ 
etition time, inversion time (Tl), and echo time; the method of data encoding; 
the type of data collection; and the method of image processing are analysed. 
Normal appearances and clinical examples in the central nervous system and 
the remainder of the body are used to illustrate the many options available 
with this sequence. The short Tl IR sequence has advantages in magnetic 
resonance imaging of the body, and medium Tl sequences are of value in 
localisation in the brain and in demonstrating contrast enhancement. Long 
Tl sequences can he used in pediatrics and for separating tumour and oedema. 
Suppression or partial suppression of fat and fluid signals are two useful op¬ 
tions with IR sequences. Index Terms: Inversion recovery—Nuclear magnetic 
resonance, techniques—Nuclear magnetic resonance. 


For some time we have been intrigued by the fact 
that most groups performing magnetic resonance 
(MR) imaging use spin echo (SE) sequences almost 
exclusively and make little or no use of the inver¬ 
sion recovery (IR) sequence. Although we make 
considerable use of the SE sequence and drew at¬ 
tention to its value in imaging of the brain early in 
the development of clinical MR (!), we also make 
extensive use of the IR sequence (2-6) and believe 
that this sequence is in many ways the most 
interesting of the three sequences in general use. 
From an imaging point of view both the SE se¬ 
quence and the partial saturation (PS) sequence can 
be regarded as limiting cases of the IR sequence, 
the scope of which includes all the options available 
with both of these sequences as well as its own 
unique features. To draw attention to the value of 
the IR sequence we describe the sequence in nan- 
mathematical terms, discuss the effect of changing 
ditYerent imaging parameters, and illustrate its use 
in a variety of clinical situations. 


From the Department of Diagnostic Radiology. Royal Post¬ 
graduate Medical School, Hammersmith Hospital, London 
(G. M, Bydder), and Picker International, Hirst Research 
Centre, Wembtqy. Middlesex (1. R. Young), England. Address 
correspondence and reprint requests to Dr. G. M. Bydder at 
Department of Diagnostic Radiology, Royal Postgraduate Med¬ 
ical School, Hammersmith Hospital, Du Cane Road. London 
W12 OHS, England. 


DESCRIPTION OF THE IR SEQUENCE 

The dependence of signal intensity seen with the 
IR sequence on proton density, Tl, and T2 has been 
described in mathematical terms in previous articles 
in this journal (4,7,8) but our principal interest in 
this paper is clinical and we will use a qualitative 
description of the IR sequence. 

The prototype Picker imaging machine used in 
these studies has been described previously (4) and 
operates at 0,15 T, We can represent the proton 
magnetisation induced in the patient by the static 
magnetic field by a vector M. The component of the 
magnetisation in the transverse plane at any given 
time is then represented by M Tl „ and that in the 
longitudinal direction at the same time by M z . The 
effect of a 90° pulse is to rotate M. into the trans¬ 
verse plane to become M xy (Fig, 1). Following a 90° 
pulse, M z increases exponentially from zero with 
time constant Tl (Fig. 2a) and M xy decays expo¬ 
nentially with time constant T2 (Fig, 2b), At the 
following 180° pulse M. is inverted to become -M z 
and recovers with a time constant TJ but at twice 
the rate for the earlier longitudinal recovery after 
the 90° pulse. At the next 90° pulse M z is rotated to 
become M xy . M xy then decays exponentially with 
time constant T2^ Using a field echo or free induc¬ 
tion decay data collection, signal is collected at a 
mean echo time (TE) after the 90° pulse and the 
cycle is repeated (a field echo uses symmetrical gra- 
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FIG, 1. A magnetic resonance imaging machine. The cryo- 
magnet produces a net magnetisation M in the longitudinal 
axis of the volunteer; 90* pulses are used to rotate this mag¬ 
netisation into the transverse plane. The x, y r and z axes are 
shown. 


3 iso* 90° 



client fields to form the echo). We can use a com¬ 
posite diagram following first M. then M xy after the 
second 9(F pulse to represent the "potential signal 
intensity* 1 at various stages in the sequence (Fig. 
2c) to understand how this may be varied. 



c 


Tl 


T £ 

4-- 


-> 



FIG. 3. Changes in M l (a) and M Xy (b) with time in the inver¬ 
sion recovery sequence (medium inversion time, Tl) using a 
spin echo data collection {DC}, c; M, Initially and M in the 
last segment. IE, echo time. 


C 1 Tl 



FIG, 2. Changes in (a) and M xy (b) with time in the inver¬ 
sion recovery sequence {medium inversion time, Tl) using 
a field echo data collection (DC), c: M z in the first two seg¬ 
ments and in the last segment. TE, echo time. 


In Fig. 3 the corresponding figures are drawn for 
the situation where an SE pulse is used with an SE 
data collection in the last stage of the sequence. The 
figures are similar except that the data collection is 
delayed compared with the previous case, and the 
magnetisation is inverted again by the additional 
180° pulse (only T2 is considered rather than T2*: 
additional decay due to field inhomogeneity is re¬ 
duced as a result of the refocusing 180* pulse). The 
size of the received signal and ultimately the signal 
intensity or pixel value in the image is proportional 
to M xy at the time of the data collection. M xv is also 
proportional to tissue proton density. The inversion 
time (Tl) and TE as used in the American College 
of Radiology convention are shown in Figs. 2 and 
3. Repetition lime (TR) is the duration of each cycle 
of the sequence. Tl is the time between the in¬ 
verting 180° pulse and the following 90* pulse, and 
TE is the time from the last 90° pulse to the fol¬ 
lowing echo. 

Using Fig. 2c as our model of the IR sequence, 
we can compare the signal intensities of white 
matter (a tissue with a relatively short Tl), grey 
matter (a tissue with a longer Tl), and cerebrospinal 
fluid (CSF) (which has a very long Tl) in Fig. 4, 
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FIG. 4. Changes in with time in the inversion recovery 

sequence (medium inversion time) for white matter (W), grey 
matter (G) h and cerebrospinal fluid (CSF) using field echo 
data collection (DC). 

The signal intensity observed is proportional to the 
height of Af„ in Fig* 4, and it can be seen that the 
shorter Tl of white matter results in a higher signal 
intensity than for grey matter The very long Tl of 
CSF results in a low signal intensity that may be 
negative as in Fig. 4. Note that the last segment of 
the decay converges towards zero for both grey and 
white matter with their positive signal intensities, 
as well as for CSF with its negative signal intensity. 
Display of the resultant image after phase corrected 
processing (see later) gives white for white matter, 
light grey for grey matter, dark grey for zero signal 
intensity, and black for CSF. The signal for grey 
matter is slightly greater than that for white matter 
at the time of the 180° pulse because of its 10% 
greater proton density. We next consider the effects 
of changing TR* Tl, TE, the imaging processing 
technique, and other parameters on the signal in¬ 
tensity at the time of data collection. 

Effect of Changes In TR 

The general rule is that a time of at least 3T1 
should be allowed for recovery of the longitudinal 
magnetisation between the 90° of the last pulse 
cycle and the following 180° pulse of the next pulse 
cycle to allow a high level of recovery of M. t al¬ 
though, in practice, it is possible to use times less 
than this. It is important to note: (a) That the rule 
above applies to all the tissues in a slice and, as 
many lesions have an increased T l, this sets a lower 
limit for TR that may be much greater than it would 
be tor normal tissues* (b) It is also important to note 
that fluids such as CSF, urine, and small bowel con¬ 
tents usually have a very long Tl and do not fully 
recover with the values of TR in general use. This 
may be an advantage for some purposes; for ex¬ 
ample, it may be helpful to have the CSF signal less 
than brain (see later), (c) Values of Tl at the oper¬ 
ating field in this study are listed in Table I. At 
higher fields, tissue Tl is increased; for example, 
at 10 times the static field used here, Tl is approx¬ 
imately doubled for many tissues (9) although fat 
does not increase this much, and CSF changes rel¬ 
atively little. T2 is essentially unchanged with field. 


TABLE 1. Values ofTl, T2, and the ratio ofTHT2 at 
0J5 T for various tissues 


Ti T2 


Tissue 

(ms) 

(ms) 

TI/T2 

Grey matter 

453 ± 77 

101 i 13 

4.5 

White matter 

353 ± 60 

92 ± 22 

3.8 

Cardiac muscle 

377 ± 60 

57 ± 16 

6,6 

Liver 

206 ± 45 

43 ± 14 

4,8 

Spleen 

364 ± 69 

62 ± 37 

5*9 

Kidney 

368 ± 99 

58 ± 24 

6.3 

Skeletal muscle 

330 ± 59 

47 ± 13 

7,0 

Fat 

173 ± 49 

84 ± 36 

2.1 


From ref. 9. 


Reducing TR produces a reduction in signal in¬ 
tensity for tissues with a long Tl, although there is 
little effect on tissues with a short Tl where TR is 
still greater than 3TI. Reducing TR is therefore 
used to reduce the relative signal intensity of tis¬ 
sues, such as the spleen, which have a long Tl, or 
of fluids, such as CSF, which have a very long Tl 
(see later)* There is little advantage in increasing 
TR beyond 3T1. 

Effect of Changes in TI 

It is useful to consider three variants of the IR 
sequence according to their values of Tl: (a) short 
TI (TI approximately 0-250 ms); (b) medium Tl (Tl 
approximately 250-700 ms): (c) long TI (Tl approx¬ 
imately 700 ms and longer). These Tl categories are 
applicable at 0,15 T, The approximate factors by 
which to multiply Tl and TR to achieve the same 
effects at higher fields by compensating for the in¬ 
crease in tissue TI are listed in Table 2 (derived 
from ref* 9). 

Short TI 

The values of Tl included here are approximately 
0-250 ms. In the limit where TI equals zero (or, 
from a practical point of view approximately 1 ms) 
the 90 and 180° pulses add to give a 270° pulse that 


TABLE 2. Ratio of TI at different fields to that at 0.15 
T for various tissues 


field strength (T) 


Tissue 

0,15 

0,3 

0.5 

t 

1.5 

Grey matter 

1 

1.24 

1.45 

1,79 

2.03 

White matter 

i 

1.27 

1,52 

1.93 

2.23 

Cardiac muscle 

1 

1.28 

1 55 

1,99 

2.30 

Liver 

I 

1.30 

1.58 

2.05 

2.39 

Spleen 

1 

1,24 

1.49 

1,88 

215 

Kidney 

1 

1.19 

1.35 

1.60 

1.77 

Skeletal muscle 

1 

1.34 

1 66 

2.22 

2.63 

Fat 

1 

1.13 

1.24 

1.39 

1.50 


From ref, 9, 
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is equivalent to a “90° pulse. Using magnitude re¬ 
construction (see later), this is equivalent to a 90* 
pulse and the sequence in Fig. 2c becomes 90*-data 
collection, or the PS sequence. Thus, the PS se¬ 
quence can be regarded as a limiting case of the IR 
sequence with TI “ 0. The same reasoning applies 
when an SE data collection is used (Fig. 3c) and 
the 1R sequence (with TI * 0) becomes equivalent 
to an SE sequence. This is the basis for regarding 
both the SE and the PS sequences as limiting cases 
of the IR sequence. Using magnitude reconstruc¬ 
tion with TI in the range ofO to approximately 250 
ms, an IR image of the brain appears like an SE 
one although with greater grey-white matter con¬ 
trast. The magnetisation curves can be represented 
as shown in Fig. 5. Note that following the final 90° 
pulse the TI contrast and the T2 contrast arc ad¬ 
ditive, i.e., increasing the TI of a tissue increases 
the relative signal intensity of the tissue and so does 
increasing its T2> (This is not the case in Fig. 2c or 
Fig. 3c, w hich illustrate medium values of TI.) The 
short TI IR (STIR) sequence is sensitive to changes 
in TI and T2 and can be used as a screening se¬ 
quence in the brain in a similar way to SE 
sequences with long TE and long TR such as 
SB|,5 qwso* ^duce the signal intensity of CSF to 
less than that of white matter, TR can be shortened, 
as suggested in the previous section, to 1,000 ms 
with a sequence such as IRi,ooovioo/ 44 - 
Since many pathological lesions produce an in¬ 
crease in both TI and T2, the addition of these two 
types of contrast w ith the STIR sequence produces 
high net tissue contrast. This type of sequence also 
enables some T! dependent decay to be substituted 
for the T2 dependent decay in the equivalent SE 
sequence. This is of particular value where the TI 
and T2 decays of the tissues differ and explains why 
the grey-white matter contrast of this sequence is 
greater than the equivalent SE sequence. In the 
body there is another reason for making this sub¬ 
stitution when an SE data collection is used, as it 
allows a reduced value of TE for equivalent soft 
tissue contrast thus reducing the vulnerability of the 
sequence to motion. 


90° 180° 90° 



FIG. 5. Changes in MJM xy time for a short inversion time 
inversion recovery sequence. The magnitude of the signal 
from grey matter (G) is greater than that for white matter (W) 
using field echo data collection (DC}. 


It is also possible to choose particular values of 
TI so that the signal intensity of a particular tissue 
is zero at the time of the 90* pulse (Fig. 6). (This 
occurs at a value of TI typically between 0,56 and 
0.69 TI for TR > 3T1.) Values of approximately 100 
ms are suitable to eliminate the fat signal, and 255 
ms is adequate for white matter. In this situation 
the tissue signal is said to be "suppressed." 
Suppression or partial suppression of the fat signal 
is of particular value in the orbit, breast, and ab¬ 
domen. In the abdomen respiratory artefact fre¬ 
quently arises from subcutaneous fat and reduction 
of the fat signal minimises this. In addition, SE se¬ 
quences with long TE and TR produce a relatively 
high signal intensity from soft tissue lesions that 
have an increased T2, but since fat also has a long 
T2 these lesions may be indistinguishable from fat. 
Suppression or partial suppression of the fat signal 
avoids this problem. Other uses of these sequences 
include suppression of the high signal from fat ad¬ 
jacent to a surface coil and the suppression of the 
signal from liver to highlight lesions. 

Medium TI 

The working rule to obtain an image with good 
contrast between two tissues of different TI values 
is to choose a value of TI intermediate between the 
two tissues of interest (neglecting the effects of 
proton density and T2k so that satisfactory contrast 
between white matter (TI = 350 ms) and grey 
matter (TI = 450 ms) is achieved with a TI of ap¬ 
proximately 400 ms. Note that the signal intensity 
is not maximal at this point so the image appears 
noisier than that obtained with, for example, TI = 
500 ms where the signal is higher (although the grey- 
white matter contrast is less). In theory maximum 
contrast is obtained when TI is approximately 0.65 
times the average of the TI for the two tissues, but 
the signal levels in this case are close to zero, and 


SO 5 180° 90° 



RG, 6, Changes in with time for tat (F), white matter 

(W), and grey matter (G) using a fat suppressed short inver¬ 
sion time inversion recovery sequence. The signal from G is 
greater than that for W and F gives no signaf using field echo 
data collection (DC). 
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FIG, 7, Changes in with time for grey 

matter (G) and a tumour (I) using a medium 
inversion time inversion recovery sequence. 
There is a relative reduction in the Signal from 
T during the first two segments of the se¬ 
quence (II dependent section) but a relative 
increase in the last section (T2 dependent sec¬ 
tion) using field echo data collection (DC), 


maximise the appearance of the noise in the image. 
Note that the TI for optimum contrast between grey 
and white matter will not be optimal for that be¬ 
tween grey matter and a tumour that has an in¬ 
creased TI (Fig. 7). 

There are two additional modifying factors. The 
ncreased mobile proton density of grey matter rel¬ 
ative to white matter results in slightly less tissue 
contrast. More important is the fact that the T2 de¬ 
pendent period following the W pulse and prior to 
data collection may produce a reduction in tissue 
contrast. This is particularly so for lesions that 
follow the common pattern in which TI and T2 are 
both increased. The T2 dependent decay, in the last 
component of the sequence, reduces the TI con¬ 
trast developed earlier in the sequence. 

The method of image reconstruction and the type 
of data collection affect TE, Echo time is generally 
shorter with projection-reconstruction than with 
two-dimensional Fourier transformation (2DFT) 
since a single vector encoding gradient is used, 
without the need fora previous phase encoding pe¬ 
riod as with 2DFT. A field echo data collection can 
be completed earlier than an $E collection with the 
same band width, although the former is more vul¬ 
nerable to B 0 field inhomogeneities. 

With the brain (T2 approximately 100 ms), the T2 
dependence of the IR sequence is not such a big 
problem as it is in the body where values of T2 are 
typically half those in the brain (45-60 ms) making 
the same IR sequence much more T2 dependent 
than when it is used in the brain. The use of short 


values of TE to control this problem becomes im¬ 
portant. The alternative is to use short values of TI 
so that the TI and T2 contrast after the 90° pulse is 
additive as outlined in the previous section. 

Long 77 

For reasons outlined above these sequences may 
be useful in separating tumour from oedema (where 
both have increased values of TI). Sequences de¬ 
signed for this purpose require an increase in the 
value of TR. They are also useful in pediatrics 
where the TI of normal brain may be increased 3- 
400% when compared with adults (5). Another use 
is suppression of long TI fluids such as CSF, urine, 
and bowel contents where values of TI of 800-1200 
ms can be used. It is also possible to use a ‘'double'" 
IR (DIR) with the first TI (e.g., Til = 1,200 ms) 
used to suppress a fluid and the second TI (T12 “ 100 
ms) used 10 suppress fat (e.g.. DlRj.oao/i. 20 Wiow 44 ) 
(Fig. 8) although this type of sequence is slow and 
may show some reduction in lesion contrast. The 
value of TI required to suppress small bowel con¬ 
tents is less than that for purer fluids such 
as CSF. 

Effect of Changes in TE 

Increasing TE increases the T2 dependence of the 
IR sequence. This is useful for short TI sequences, 
generally not useful for medium TI sequences, and 
of limited value for long TI sequences. 


so 5 1 B0 fl 180° 90° 



FIG. S. Changes in with time for 

CSF, white matter (W), and grey matter 
(G) for the double inversion recovery se¬ 
quence. The signal from G is greater 
than that for W and cerebrospinal fluid 
(CSF) gives no signal using field echo 
data collection (DC). 


J Compu f Assist T&mogr, Vpl. 9, No. 4. I9S5 


















2.10 MRI: Clinical use of the inversion recovery sequence 


125 


664 G. M, BYDDER AND /, R. YOUNG 


Short Tl 

The rule for maximum contrast for SE sequences 
is to use TE halfway between the T2 values of the 
two tissues of interest (neglecting proton density 
and TJ effects). It is most useful to increase TE 
when imaging tissues with a long T2 such as spleen 
or kidney (and of course brain). The rule for STIR 
sequences is to use TE rather less than this value 
because of the additional Tl dependent contrast. 
Additional echoes can be usefully added to this type 
of sequence. 

Medium Tl 

In general TE should be reduced to a minimum. 
Projection-reconstruction with a field echo data col¬ 
lection may be used for this purpose. 

Long Tl 

Echo time can be increased with this type of se¬ 
quence to increase the relative T2 dependence al¬ 
though the contrast may be ambiguous unless Tl is 
quite long (as for the DIR sequence). 

Effects of Methods of Processing 

Theie are two types of image reconstruction 
available —phase corrected where positive values 
of signal intensity are shown positive and negative 
values appear negative, and magnitude reconstruc¬ 
tion where the magnitude of the signal is used ir¬ 
respective of its sign. For STIR sequences using 
phase corrected processing white matter is white 
and grey matter is grey but the reverse is so with 
magnitude processing (10). For medium Tl se¬ 
quences the CSF appears dark with phase corrected 
processing but may show a “rebound" with a 
lighter central area with magnitude processing. The 
signal intensities follow directly from considering 
Figs. 4 and 5. 

Effects of Multislice or Single Slice Imaging 

The 90° pulse in the IR sequence is always slice 
selected, although for single slice scans the 180° 
pulse(s) need not be. However, when the IR se¬ 
quence is used to obtain an interleaved set of slices, 
180° pulse(s) must be slice selected. When the 180° 
pulse is slice selected, it is possible for flowing 
blood to experience only part of the 1R sequence 
depending on where it is at the times of the inver¬ 
sion pulses. For example, blood flowing into a slice 
may only experience a 90 p pulse and behave as 
though it is being imaged with a PS sequence pro¬ 
ducing a high signal intensity rather than the usual 
low signal intensity. 


CLINICAL ILLUSTRATIONS OF THE USE 

OF THE IR SEQUENCE 

Many of the applications of the IR sequence 
follow directly from considerations in the previous 
section. Typical sequences and their applications in 
the central nervous system (CNS) and in the body 
are listed in Table 3 and some of these are illustrated 
below. 

Applications in the CNS 

The STIR sequences can be used for disease de¬ 
tection (Fig. 9), Both TR and Tl can be adjusted so 
that one version of the sequence generates images 
with the signal intensity of CSF slightly less than 
that of white matter in order that periventricular 
lesions can be recognised without confusion from 
partial volume effects, and the other version gen¬ 
erates images with the CSF signal greater than that 
of brain (Fig. 10). 

Separation of tumour from oedema may also be 
accomplished (Fig, 11), and additional lesions may 
also be seen in vascular disease (Fig. 12). Medium 
Tl IR scans provide localisation of disease, assess¬ 
ment of mass effects, and developmental informa¬ 
tion in older infants. Contrast enhancement is usu¬ 
ally maximal with this sequence (II) (Fig. 13), The 
sequence also provides a better technique for com¬ 
puting Tl maps than that using two SE sequences, 

“Short Tl short T2“ tumours including some 
meningiomas and some acoustic neuromas are well 
demonstrated with medium Tl IR sequences (Fig, 
14) as are subacute hemorrhage and usually mul¬ 
tiple sclerosis (MS) lesions in the brain stem. Long 
Tl IR sequences may help in distinguishing tumour 
from oedema as well as in pediatric applications 
(Fig. 15). The DIR sequence can be used to sup¬ 
press CSF (Fig, 16) as well as to suppress bile 
ducts and urine. Some cord lesions are better de¬ 
fined with the IR sequence (Fig, 17), 

Applications in the Body 

Mediastinal and chest wall lesions can be well 
displayed with the STIR sequences. This avoids 
confusion of fat with long TE sequences and the 
confusion of lung with tumour using medium Tl IR 
sequences although fat can also be a valuable 
marker of tissue planes. 

The 5TIR sequences are of value in imaging the 
abdomen and pelvis. In Fig. 18 a contrast enhanced 
CT scan is compared with an IR LW ioa /44 sequence 
The extent of the tumour in the left iobe of the liver 
is better shown on the IR scan. Dilated bile ducts 
are also highlighted. Using a DIR sequence in a 
patient with metastases to the liver, an additional 
metastasis is seen in the right adrenal gland (Fig, 
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TABLE 3. Typical inversion recovery j sequences (at 0.15 T) 


Purpose 

TR 

(ms) 

Tl 

(ms) 

TE 

(ms) 

Field/ 

spin 

echo 

£F/S) 

Reconstruction 

(PR/2DFT) 

Processing 

Phase 

corrected (PC) 
or magnitude 
(M) 

Resolution 

Comment 

Brain and spinal cord 









Disease detection 

1,500 

80 

44 

S 

2DFT 

M 

256 x 256 


[cerebrospinal fluid 









(CSF) signal less 









than white 









matter | 

1.000 

100 

44 

S 

2DFT 

M 

256 x 256 


Disease detect ion 

1.500 

100 

44 

s 

2DFT 

M 

256 x 256 


(C3F signal greater 









than white 

2.000 

100 

SO 

s 

2DFT 

M 

256 x 256 


matter) 

1.200 

200 

S 

F 

PR 

M 

115 x 115 

Older sequence 

Adult anatomy and 

1,500 

500 

44 

S 

2DFT 

PC 

256 x 256 


localisation 

1.400 

400 

5 

F 

PR 

PC 

115 x 115 

Older sequence 

Pediatric 

3,000 

1,000 

44 

S 

2D FT 

PC 

256 x 256 

Premature infant 

development and 

2.400 

800 

44 

s 

2D FT 

PC 

256 x 256 

0-3 months 

localisation 

1,800 

600 

44 

S 

2D FT 

PC 

256 x 256 

3 months-2 years 

Contrast enhance¬ 

1,500 

500 

44 

S 

2D FT 

PC 

256 x 256 


ment 

1,400 

400 

13 

F 

PR 

PC 

115 x 115 

Less 12 dependent 









lhan sequence above 

CSF suppression 

3.000 

3.200 







(DIR) 


100 

44 

S 

2D FT 

M 

256 x 256 


Orbital fat suppres¬ 









sion 

1,500 

100 

44 

S 

2D FT 

M 

256 x 256 


Body 









Mediastinal mass 

1.500 

too 

44 

S 

2D FT 


256 x 256 

Cardiac gated and 









ROPE 

Myocardium 

Double 

600 

13 

F 

2D FT 

M 

128 x 1*2 

Cardiac gated and 


beat 







ROPE 

Liver and pancreas 

3,500 

100 

30 

S 

2D FT 

M 

256 x 256 

With ROPE 


3,500 

too 

44 

S 

2D FT 

M 

256 x 256 

With ROPE 


1,000 

100 

44 

S 

2D FT 

M 

256 x 256 

With ROPE 


1.400 

400 

13 

F 

2D FT 

PC 

128 x 1*2 

With ROPE 

Contrast enhance¬ 









ment 

1,400 

400 

13 

F 

2D FT 

PC 

128 x 1*2 

[positive enhancement) 

Spleen and kidney 

1.500 

too 

60 

S 

2D FT 

M 




1,500 

too 

so 

S 

2D FT 

M 



Pelvis DIR 

3,000 

L000 

44 

s 

2D FT 

M 

256 x 256 




100 







Bone 

1.500 

500 

44 

s 

2D FT 

PC 

256 x 256 



1.500 

100 

44 

s 

2D FT 

M 

256 x 256 



Abbreviations CSF. cerebrospinal fluid: DIR. double inversion recovery: PR. projection reconstruction: ROPE, respiratory ordered phase encoding: 
T£, echo time: Tl. inversion time:TR. repetition lime: 2DFT. two-dimensional Fourier transformation. 


19)- Lobar atrophy is seen associated with a hem¬ 
angioma in Fig, 20. 

In Fig. 21 contrast enhanced CT, IR 1 . 500 / 100/441 
SE 544/44t and SE, 500 / g 0 scans are compared. The ab¬ 
scess, thickened abnormal abdominal wall, fluid 
tracking posteriorly, and paraaortic lymph node are 
best displayed with the 1R sequence. 

The margin between tumour and normal bone 
marrow is better shown with the IR scan than with 
the SE scan in Fig. 22, Separation of tumour and 
fatty marrow (both of which have a long T2) by use 
of STIR sequences (exploiting the short T1 of fat) 
may be useful although care is necessary to distin¬ 
guish red marrow from tumour. 

DISCUSSION 

With the range of options and apparent advan¬ 


tages outlined above, why is the IR sequence used 
so little in clinical practice? There is probably no 
straightforward answer to this question but a 
number of possible explanations are listed below. 

1. The IR sequence is generally thought of only 
as the medium Tl variant ~ Very little attention has 
been paid to the short Tl and long Tl variants of 
the IR sequence although they were described early 
in the development of MR ( 2 ) and offer many useful 
options at both high and low fields, 

2. The significance of the T2 dependence of the 
medium Tl IR sequence has not been fully appre¬ 
ciated\ Since many lesions produce an increase in 
both Tl and T2, the T2 dependence of the IR se¬ 
quence produces a net reduction in the Tl depen¬ 
dent contrast. To obtain useful disease detection 
with a medium Tl IR sequence, TE should be kept 
as short as possible. This was done in earlier studies 
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FIG. 9. Frontoparietal astrocytoma grade II: contrast 
enhanced CT (a) and inversion recovery (IRIi.c^oo/m 
( b) scans, The tumour is seen to be bilateral in (b). 
(A central artefact is noted on this and some sub¬ 
sequent scans.) 



with projection-reconstruction and field echo data 
collection (2,3). The more recent use of 2DFT and 
SE data collection has resulted in longer values of 
TE being used with more T2 dependence. In addi¬ 
tion, since body tissue T2 values are half those of 


the brain (excepting fat), the relati ve T2 dependence 
of the IR sequences is increased in body examina¬ 
tions producing even further net loss of lesion con¬ 
trast and decreasing the apparent usefulness of the 
medium Tl 1R sequence. 


tOa-c 


10eJ 



FIG. 10. Frontal astrocytoma grade lit: Inversion recovery (lR) t sogho&« ( a h phase 
corrected IRi.soo/ioom ( b )> magnitude processed IRi.Manfci^ (c) t and spin echo 
(3E) 1 ,soo.’eo (d) scans The tumour is well seen on alt four scans. Note in (c) the 
grey-white matter reversal and the lesions at the periventricular margin (left). 
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FIG. 11. Cerebellar astrocytoma grade II: inversion recovery (iRhsaasoow* (a), ^z.ooonoo^ (b), ancJ spin echo (SE) ti50WH (c) scans 
Separation of tumour from oedema is better with the IR scans. The cerebrospinal fluid signal is greater than brain in (b). 


3. The IR sequence has been thought of as 
“noisy." Medium TI sequences of the brain provide 
a quick visual assessment of three machine param¬ 
eters: tissue contrast, spatial resolution, and noise 
level. Grey-white matter contrast provides an as¬ 
sessment of tissue contrast; resolution can be as¬ 
sessed by looking at fine anatomical detail (e.g,, the 
cerebellar vermis); and noise level can be assessed 
by looking at the background, as well as tissues or 
structures with a very low proton density or those 
with a moderately long T 1 , since with a phase cor¬ 
rected IR scan random noise appears in the middle 
of the grey scale. If the sequence is modified to 
improve any one of these factors, one or both of 
the others will suffer to some degree and this is 
relatively easy to assess on an image. The same 
type of analysis is not so straightforward on an $E 
image, as assessment of tissue contrast is not so 


easy since grey-white matter contrast is less (and a 
function of proton density in any case), and noise, 
although present in the image, is at one end of the 
grey scale and can be 4 'windowed ' 1 out. Hence, in 
comparison with high resolution low noise SE se¬ 
quences with short values of TE and TR. medium 
TI sequences appear noisy. However, it is being 
increasingly accepted that the most useful SE se¬ 
quences in clinical practice are those with a long 
TE ( 1 . 12 ), and this type of sequence is more 
"noisy 1 ' than the short TE short TR SE sequence 
so that the noise levels for comparable disease sen¬ 
sitivity of SE sequences is similar to that of the 
equivalent IR sequence. Thus. IR 1 ^ 00 / 30/44 and 
SE|. 5 (MVfK) sequences show similar disease sensitivity 
and similar noise levels. 

Both with the SE (long TE and long TR) and IR 
sequences improvements in machine signal/noise 


FIG. 12. Cerebrovascular disease: inver¬ 
sion recovery (IR)i, S ocwiwv« (a) and spin 
echo (5E) L5oaS 0 (h) scans, tote that some 
lesions in the left centrum semiovale are 
better seen in (a) (arrows). 



12a,b 
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FIG. 15. Cystic leu coma lac ia in a 3-week-old neonate: inver¬ 
sion recovery (lRj 3{ >ffl>i,mo «4 scan. The cysts are well shown 
(arrows]. 


ratio result in improved image quality. Methods of 
improving signal/noise ratio with surface and 
closely coupled coils have recently been or are soon 
to be published in this journal (13-15). 

4, The IR sequence Is said to he “slow." This is 
regarded as less of a problem since the clinical lim¬ 
itations of SE sequences with short TE and short 
TR have been more widely recognized and SE se¬ 
quences with long TE and long TR have come into 
more general use. The use of interleaved slices also 
provides time to do additional slices during the rel¬ 
atively long TR of the IR sequence. A genuine dis¬ 
advantage of IR is the fact that with medium and 


long TI IR sequences it is more difficult to construct 
an interleaved multislice set because of the rela¬ 
tively isolated 180° inverting pulses, than it is for a 
comparable SE multislice set. This limitation does 
not apply to short Tl IR sequences to the same 
extent. The DIR sequence is slow but its use is 
generally confined to specialised applications. 

5. **lt is not possible to obtain useful additional 
echoes with the IR sequence Additional echoes 
can be obtained with all three groups of IR se¬ 
quences. They increase T2 dependent contrast with 
the STIR sequence in a straightforward manner 
analogous to multiple echo SE sequences, but, with 
medium Tl IR sequences, Tl and T2 contrast are 
moving in opposite directions and confusing images 
may result. Additional echoes with these sequences 
are generally of little value but may be of use in 
providing a range of Tl and T2 dependent weight¬ 
ings that can be useful in separating tumour from 
oedema or in its calculation of tissue parameters. 
With long Tl IR sequences (e.g., the DIR sequence) 
additional SE can be used effectively. 

6 , Practical problems. There are some more spe¬ 
cific problems with particular variants of the IR se¬ 
quence that are worth listing: (a) Partial volume ef¬ 
fects with medium Tl IR sequences between grey 
and white matter of the brain may simulate brain 
lesions. This can be reduced or avoided by using 
short Tl variants. £b) The phase corrected version 
of the medium TI scan displays zero signal intensity 
in the midgrey region. This signal may simulate 
tissue in the sinuses, etc. This is not a problem with 
STIR sequence, (c) Increased time may be needed 
for a low' resolution phase calibrating scan for the 
phase corrected version of the IR sequence. We use 
a 64 x 64 matrix SE ^/44 scan, which adds approx- 


FIG. 16. Glioma of the corpus callosum: 
double inversion recovery (DiR^o^ 200 
100/44 £ a ) spin echo (3E)u soo-so (k) 
scans, The tumour is well demonstrated 
on both scans. Both fat and cerebrospinal 
fluid are suppressed in (a). The ventric¬ 
ular margin is better defined in (a). 



16 a,b 
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17a,b 


FIG. 17. Lymphoma of the cervical cord: inversion recovery (IR), (a) and spin echo fSE) T 5 ^ (b) scans. Changes within 

the cord are better seen in [a). 




imately 30 s to the imaging time, (d) Radiofrequency 
pulse calibration needs to be precise for the IR se¬ 
quence since errors in the angle of rotation of the 
magnetisation produce a greater loss of tissue con¬ 
trast than is the case with SE scans (16), This is a 
greater problem at high field where the loading of 
the transmitter coil is greater than that at low field, 
(e) The field echo data acquisition method is more 
susceptible to magnetic field inhomogeneity than 
the SE one. Again this problem is greater at high 


field and limits the value of the short TE field echo 
data collection. 


Advantages of the IR Sequence 

As outlined in the introduction the range of pos¬ 
sibilities with the IR sequence includes all the op¬ 
tions available with both SE and PS scans. It is 
sensible to use these latter simpler scans in circum- 


iaa,b 


FIG. 18. Cholangiocarcinoma: contrast enhanced CT (a) and inversion recovery (IR), (b) scans. The extent of the tumour 

is well seen in [b) (arrows). 
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FIG. 19, Metastases from carcinoma of the colon; contrast enhanced CT (a) and double inversion recovery {DIR) 30Qai zwioau 
(b) scans. Note the adrenaE metastasis in [b) (arrow) 


stances where there is no particular advantage in 
using the equivalent more complicated IR scan 
(e.g., for T1 values in the region of 0-30 ms). How¬ 
ever, there are many situations in which SE se¬ 
quences may not provide the best imaging option. 

Several particular applications of the IR sequence 
are worthy of emphasis, as detailed below. 

Disease Detection in the Brain 

The STIR sequences have a similar sensitivity to 
the corresponding SE sequences with IR|,jou/sa /44 
approximately equivalent to SE ( 50OW >, Although the 
IR sequences show greater grey-white matter con¬ 
trast than the SE ones, the signal from CSF can be 
kept lower than that from brain by reducing TR or 
TI. Where the lesion is not periventricular and there 
is no problem with having the CSF signal greater 
than brain (or a benefit in having it greater), longer 


values of TE, TR, and T1 can be used. The advan¬ 
tage of the DIR sequence is that it allows longer 
values of these parameters to be used but keeps the 
CSF signal below that of brain to avoid confusion 
with partial volume effects in the periventricular re¬ 
gion, which is a frequent site of relatively subtle 
pathology. This may be of particular value at higher 
fields where it is more difficult to obtain an SE se¬ 
quence with a high level of lesion contrast and keep 
the CSF signal less than brain, because the T1 of 
brain is closer to that of CSF 

Localisation of Lesions and Mass Effects 

Although the T2 dependence of most medium TI 
IR sequences reduces their sensitivity in disease de¬ 
tection, the high level of grey-white matter contrast 
provides a series of interfaces of value in the local¬ 
isation of lesions and assessment of mass effects. 


20a, b 


FIG, 20, Hemangioma with left lobe atrophy: contrast enhanced CT (a) and inversion recovery (IRh^ooioow ( b ) scans. The 
atrophic left lobe is highlighted in (b). 



/ CtHHjMf Assisi Tomofir. Vat. 9. No. 4, 1985 



2.10 MRI: Clinical use of the inversion recovery sequence 


133 


672 


G. M. B YODER AND /. R. YOUNG 



FIG. 21, Psoas abscess: contrast enhanced CT (a), inversion recovery (IR),.ooc- ioo« s P in ®cho (SE)^^ (c), and spin echo 

{SE} 1i5M . fl0 (d) scans. Changes to the abdominal wall and the fluid tracking posteriorly are best shown in (b) as is the paraaortic 
lymph node (arrow). 


Pediatrics 

The medium or long Ti 1R sequences provide ex¬ 
cellent demonstration of normal myelination as well 
as delays or deficits in this process* In addition, the 
fact that the T2 of the neonatal and infant brain is 
longer than that of adults means that 1R sequences 
are less T2 dependent and therefore of more value 
in disease detection. The high water content of in¬ 
fantile brain (85-95%) means that oedema is often 
not so obvious and that oedema detection alone 
with an SE sequence is a less rewarding strategy in 
infants than adults. Age adjusted IR sequences are 
listed in Table 3, although in follow-up studies there 
is a dilemma in knowing whether to keep the se¬ 
quence constant or adjust it for age. 

Contrast Enhancement 

Paramagnetic contrast agents produce the oppo¬ 
site effect to most disease processes; they decrease 


both TI and T2. The most sensitive sequence for 
detecting contrast enhancement is the medium TI 
IR sequence (with TI intermediate between the le¬ 
sion TI before and after contrast enhancement), 
with the short TE and short TR SE next best, and 
the long TE and long TR SE least sensitive 
(6/11,17). This may create a problem when long TL 
and long TR SE sequences are used for screening 
purposes since contrast agents (for example, gad- 
olinium-diethylenetriamine pentaacctie acid) may 
not produce enhancement with this type of se¬ 
quence. It is therefore necessary to perform an ad¬ 
ditional preenhancement scan of a different type if 
a contrast agent is used, so increasing the total time 
of examination. 

Note that, with sequences such as the medium 
TI IR and the SE with a short TE and short TR, 
there is usually an increase in signal intensity as the 
concentration of paramagnetic contrast is increased 
and this is followed by a decrease as the concen¬ 
tration is increased further (II)* 
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FIG. 22. Osteosarcoma: inversion re¬ 
covery (a> and spin echo 

(SE)| i50WB0 (b) scans, The extent of the 
tumour is better defined in (a). 


Meningiomas and Other * * Short TI 
Short T2 " Tamours 

There are a number of tumours including me¬ 
ningiomas that may have a normal or only slightly 
increased T2 and a normal or low proton density. 
They usually have a Tl increased over white matter 
117-20). With SE sequences there is very little T2 
contrast to be exploited, but with medium Ti IR 
sequences the low to normal proton density and 
slightly increased TI both tend to reduce signal in¬ 
tensity producing lesion contrast with normal brain 
and providing better visualisation than with $E se¬ 
quences (21,22), In addition this group of tumours 
may show a high level of contrast enhancement and 
this is best shown with medium Tl IR sequences. 
Since meningiomas have a ubiquitous presentation 
and are important to exclude, this result has con¬ 
siderable significance in designing a routine 
screening strategy for MR imaging. The T2 depen¬ 
dence of the medium TI IR sequence, w hich is usu¬ 
ally a significant disadvantage with malignant tu¬ 
mours, is not such a disadvantage with the type of 
tumour described above, since its T2 is normal or 
only slightly increased. The same general consid¬ 
erations apply to other tumours of this type (23). 

Body Imaging 

Although these are “noisy/ 1 there are a number 
of important advantages in using STIR sequences 
in imaging the body, (a) The TI and T2 dependent 


contrast after the 90° is additive so that loss of con¬ 
trast with medium TI IR sequences is not a 
problem, (b) The STIR sequence provides a high 
level of tissue contrast using a relatively short TE. 
This is an advantage because the echo period (TE) 
in the $E component of the sequence is particularly 
vulnerable to degradation by motion, (c) The fat 
signal can be partially or completely suppressed. 
With long TE long TR SE sequences, the signal 
intensity of soft tissue lesions is usually increased 
but this unfortunately brings them into the normal 
range for fat and thus the margins of the lesion may 
be lost. This problem can be eliminated by sup¬ 
pressing the fat signal, (d) Much of the respiratory 
artefact arises from the fat of the anterior abdominal 
wall producing “ghosts" in the phase encoded di¬ 
rection of the image. Suppression of the fat signal 
produces a marked reduction in this problem al¬ 
though other techniques are also effective (24,25). 
We have found the technique of respiratory ordered 
phase encoding (26) useful in supplementing fat 
suppression techniques as the signal from spleen or 
ascites may still act as a source of artefact with 
STIR sequences, (e) At high fields, chemical shift 
artefact at the interfaces between fat and water can 
be a problem. Suppression of the fat signal controls 
this artefact, (f) Bowel labelling can be achieved 
with water although the option of using an oral par¬ 
amagnetic contrast agent is useful to avoid ambi¬ 
guity with tissues with a long Tl long T2, (g) With 
surface coils the fat layer adjacent to the coil is 
normally highlighted as a result of its close prox- 
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imity, producing difficulties in displaying the image. 
This is not a problem with fat suppression se¬ 
quences. (h) In the body. IR sequences can be used 
to suppress both fluid and fat (DIR sequence) in 
situations where it is necessary to identify tumour 
in the presence of dilated bile ducts, to separate 
urine or cyst from renal tumour, and to control the 
signal from bowel contents, (i) The difference be¬ 
tween the TI of fat and that of other tissues in¬ 
creases with field, so that the signal intensity from 
tissues other than fat is relatively higher at higher 
fields when STIR sequences are used. The images 
therefore appear less noisy. The T1 of liver is close 
to that of fat so that it is difficult to obtain a high 
signal from liver with STIR sequences even at high 
fields. 

The STIR sequence resolves many of the tech¬ 
nical problems in MR imaging of the body although 
the images are noisy. These sequences appear sim¬ 
ilar to CT scans that have been windowed to show 
soft tissue except that with MR the level of soft 
tissue contrast is greater and calcified tissues are 
not seen. This resemblance corresponds closely to 
the pattern seen in the brain where MR images re¬ 
semble CT but show better soft tissue contrast and 
little calcified tissue. 

The theoretical analysis of the IR sequence has 
received excellent treatment in the literature 
(7,8,27-30) but little attention has been paid to the 
clinical application of this sequence, although fa¬ 
vourable results have been reported in some spe¬ 
cific clinical situations such as intracranial hemor¬ 
rhage (31,32), brain stem MS (33), and liver disease 
(34). A notable exception to this general pattern has 
been the work of the Aberdeen group (35), which 
has used a medium TI IR sequence with a good 
quality computed TI map (the quality of a TI map 
computed from IR images is usually better than that 
computed from two SE sequences of different TR), 
In many respects the TI map functions like a STIR 
sequence giving a low signal intensity for fat and a 
high signal intensity for lesions with an increased 
TI Clinically the Aberdeen group has formed a 
more favourable impression of body imaging with 
MR (36,37) than most other groups that have put 
the emphasis strongly on the nervous system. This 
may be because the Aberdeen sequence pattern is 
more suited to body imaging than the equivalent SE 
approach. The IR sequence has also been used 
more than usual by Droege et al. (28,29), who have 
also designed a pattern for screening in the brain 
using a long TE long TR SE sequence coupled with 
a short TI IR sequence. This may prove a very 
w o rt h wh i le app roac h. 
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Introduction 

The evolution of diagnostic ultrasonography has been the combined efforts of 
physicists, mechanical, electrical and bio-medical engineers, computer technolo¬ 
gists, clinicians, sonographers, researchers, university and government adminis¬ 
trators as well as adventurous and perceptive commercial enterprises. Diagnostic 
medical ultrasound had exclusively evolved from military technology used in 
mapping waves through liquid (Sonar by Richardson and Langevin, 1915-18), 
through air (Radar by Appleton and Watson-Watt, 1938) and through solids 
(pulse-echo method for non-destructive testing of metallic structures with the 
metal-flaw detector by Sokolov, 1940). 

The association of ultrasonic with medicine dates from the late 1920s. Several 
investigation showed the biological effects of ultrasound on animal (Loomis, 
Wood 1927) and red blood cells (Johnson 1929). So it was obviously to start initial¬ 
ly with its applications in therapy rather than diagnosis. Ultrasonic physiotherapy 
became popular in the 1930s and was used in the treatment of arthritic pains, gas¬ 
tric ulcers, eczema, asthma, thyrotoxicosis, hemorrhoids, urinary incontinence, 
elephantiasis and even angina pectoris. 

The problems in detecting soft tissues with X-rays, particularly the brain, led 
the Austrian neurologist/psychiatrist Karl Theodore Dussik from the University 
of Vienna to develop an idea to locate brain tumors and the cerebral ventricles by 
measuring the transmission of ultrasound beam through the skull. He can be re¬ 
garded as the first physician to have employed ultrasound in medical diagnosis. 
He and his brother Friedrich, a physicist, used a through-transmission technique 
with two transducers placed on either side of the head, and producing what they 
called “ventriculograms”, or echo images of the ventricles of the brain. Later it 
could be shown that the images that Dussik produced were artifactual. In further 
experiments researchers at Siemens, Erlangen and the M.I.T. were able to show 
that the reflections within the skull and attenuation patterns produced by the 
skull were contributing to the attenuation pattern which Dussik had originally 
thought represented changes in acoustic transmissions through the cerebral ven¬ 
tricles in the brain. In conclusion, at this time ultrasound had no role to play in the 
diagnosis of brain pathologies. 

Nevertheless, systematic investigation into using ultrasound as a diagnostic tool 
continued. In the late 1940s George Ludwig from Naval Research Institute in 
Bethesda, Maryland began experiments, exclusively for the Navy, on animal tissues 
using A-mode presentations of reflected echoes. Together with his collaborator F.W. 
Struthers he was able to detect gallstones and foreign bodies embedded in tissues. 

The pulse-echo A-mode devices developed from the reflectoscope/ metal flaw 
detectors were soon employed in experiments on several medical diagnosis. Using 
an industrial Siemens “Reflectroscope,” Inge Edler and Carl Hellmuth Hertz start¬ 
ed in Lund, Sweden in 1953, their important cardiac investigations, which were fol¬ 
lowed on by Sven Effert in Germany in 1956. As head of the Department of 
Cardiology at the University Hospital, Lund, Inge Edler was responsible for evalu¬ 
ating the cardiac patients prior to the surgical repair of mitral stenosis. Edler fi¬ 
nally established the characteristic motion pattern for the anterior leaflet of the 
mitral valve. He compared the shape of the fast-moving echoes in patients with 
enlarged hearts due to mitral stenosis during cardiac operations, and found em¬ 
pirically the shape correlated well with the severity of the stenosis. By early 1955, 
Edler had so much evidence of this relationship that he relied on ultrasound alone 
for the diagnosis of mitral stenosis. The typical time-motion patterns (M-mode) 
of other heart valves, pericarditis, tumors, and thrombosis in the left atrium 
showed up in the recordings and were identified by close cooperation with Dr. 
Olle Dahlback’s heart surgery group. The advent of a barium titanate transducer 
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produced by Siemens in Germany in 1958 was an important advance for the group 
and enabled them to study not only the normal mitral valve but also many other 
heart structures. Sven Effert in Germany, who had been collaborating with Hertz 
in some of his work, futher demonstrated the usefulness of M-mode echocardiog¬ 
raphy, which subsequently caught on as a mainstay investigation in cardiology. 

In conclusion, the A-scan did not provide sufficiently accurate, reproducible 
and interpretable information to allow a firm diagnosis to be made. It would not 
have a lasting impact on clinical medicine without evolving into the B-scan, which 
had its origin in military radar. 

In 1951 J.J. Wild and his collaborator J.M. Reid constructed the first B-mode 
echoscope that was ultimately used to visualize tumors by sweeping from side to 
side through breast lumps in patient scheduled for surgery. This first clinical B- 
mode instrument incorporated a water column that bathed the transducers and 
was sealed at the tip with condom rubber, providing the water-delay. Thus, this was 
indeed the very first hand-held contact scanner for clinical use. In May 1953 they 
produced real-time images at 15 MHz of a 7-mm cancerous growth of the breast. 

In 1948 the radiologist Douglas Houwry started his pioneering ultrasonic in¬ 
vestigations at the University of Colorado in Denver. His goal was to develop a 
new technique to display anatomical structures similar to the use of X-rays, and 
“in a manner comparable to the actual gross sectioning of structures in the 
pathology laboratory”. He was able to demonstrate an ultrasonic echo interface 
between tissues, such as that between fat and muscle. Together with Joseph 
Holmes, the acting director of the hospitaTs Medical Research Laboratories, and 
the two engineers William Rodderic Bliss and Gerald J. Posakony, Howry con¬ 
structed the first two-dimensional B-mode (or PPI, plan- position indication 
mode) linear compound scanner, and later on the motorized “Somascope”, a com¬ 
pound circumferential scanner, in 1954. The transducer of the somascope was 
mounted on the rotating ring gear from a B-29 gun turret, which in turn was 
mounted around the rim of a large metal immersion tank and was filled with wa¬ 
ter. The machine was able to make compound scans of an intra-abdominal organ 
from different angles to produce a more readable picture. The PAN-Scanner, 
where the transducer rotated in a semicircular arc around the patient, was devel¬ 
oped in 1957. The patient sat on a modified dental chair strapped against a plastic 
window of a semicircular pan filled with saline solution, while the transducer ro¬ 
tated through the solution in a semicircular arc. All of these systems, although ca¬ 
pable of producing 2-D, accurate, reproducible images of the body organs, re¬ 
quired the patient to be totally or partially immersed in water and remain mo¬ 
tionless for a length of time. Lighter and more mobile versions of these systems, 
particularly with smaller water-bag devices or transducers directly in contact and 
movable on the body surface of patients, were urgently required. 

Although much of the earliest interest in diagnostic ultrasound was directed 
towards the detection of foreign bodies, tumors or echocardiography, some of the 
most successful clinical applications were found in the field of gynecology and ob- 
stretics. Ian Donald from the University of Glasgow’s department of midwifery, 
Scotland, was the first physician in these fields. Like many other colleagues, 
Donald was introduced to military applications of ultrasound during wartime. 
Together with Tom Brown and John MacVicar and with support from the Kelvin & 
Hughes Scientific Instrument Company, he plunged into an intensive investiga¬ 
tion into the value of ultrasound in differentiating between cysts, fibroids and any 
other intra-abdominal tumors that came their way. In 1957 Brown invented and 
constructed with Ian Donald the prototype of the world’s first compound B-mode 
(PPI) contact scanner. The transducer operated at 2.5 MHz. The first contact 
B-scanner was designed and built by Tom Brown on the frame of a hospital bed- 
table. The ‘bed-table’ scanner was manually operated. A compound sector tech- 
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nique was used to build up a two-dimensional image with gray scaling. This was 
the world’s first and only fully automatic scanner in order to give a consistent 
scanning pattern. Much of the early research was carried out with this machine. 

Early results were disappointing and the enterprise was first greeted with a mix¬ 
ture of scepticism and ridicule. However, a dramatic case where ultrasound saved a 
patient’s life by diagnosing a huge, easily removable ovarian cyst in a woman who 
had been diagnosed as having inoperable cancer of the stomach made people take 
the technique seriously.‘From this point’, Ian Donald wrote,‘there could be no turn¬ 
ing back’. Results eventually appeared in print in The Lancet of 7 June 1958 under the 
arid title “Investigation of Abdominal Masses by Pulsed Ultrasound”. This was prob¬ 
ably the most important paper on medical diagnostic ultrasound ever published. 

The first application in medicine of the Doppler effect to the study of movement 
involved the measurement of the difference in the transit time between two trans¬ 
ducers of ultrasound travelling upstream and downstream through flowing blood 
were demonstrated by Baldes et al in 1957. The Japanese physicists Shigeo Satomura 
and Yasuhara Nimura were the first to demstrate the Doppler shift in the frequency 
of ultrasound backscattered by cardiac valvular motion and pulsations of peripher¬ 
al blood vessels. In December 1955, Satomura published his first paper on the subject 
entitled “A new method of the mechanical vibration measurement and its applica¬ 
tion”. In this paper he demonstrated that Doppler signals can be retrieved from 
heart movements when insonated with 3 MHz ultrasonic waves. In 1966, K. Kato and 
T. Izumi developed a directional flow meter using the local oscillation method. In 
1967, the Rushmer group outlined the use of Doppler ultrasound in obstetrics in an 
article in JAMA, “Clinical Applications of a Transcutaneous Ultrasonic Flow 
Detector”, which was confined basically to the detection of fetal life, placental loca¬ 
tion, blood flow through the uterine vasculature and fetal movements. 

These early successes triggered a boom of new research and application of ul¬ 
trasound especially in gynecology and obstetrics. A- and B-mode equipment were 
both in use. The A-mode scan had been used for early pregnancy assessment (de¬ 
tection of fetal heart beat), cephalography and placental localization. B-Mode pla¬ 
centography was successfully reported in 1966, in 1969 to measure the gestational 
sac diameters in the assessment of fetal maturity and in 1971 in relation to early 
pregnancy complications. Stuart Campbell described in 1968 the use of both the 
A- and B-mode scan to measure the fetal biparietal diameter. His method, de¬ 
scribed in his landmark publication “An improved method of fetal cephalometry 
by ultrasound,” became standard for the next 10 years. 

Using of the B-scan made an important technical improvement necessary. The 
storage or bi-stable cathode ray tubes that were used had a low dynamic range of 
about 16 decibels. Although there was good representation of size, shape and posi¬ 
tion, the images did not depict differences in echo amplitude. Gray-scaling was ur¬ 
gently necessary to expand the diagnostic capability and accuracy of a B-scan. 

The most important innovation in ultrasound imaging subsequent to the in¬ 
vention of the compound contact scanner was the advent of the scan converter. In 
the mid-1950s machines such as that developed in Glasgow were actually gray¬ 
scale ready from the outset. Images could then be scaled, calipers moved and ap¬ 
plied on-screen (something that had changed entirely the way measurements are 
made), gray-scaling applied to the images and the resultant image recorded on a 
variety of media including videotape, emulsion films and thermal printer devices. 
In 1964 the concept of the multi-element linear electronic arrays was first de¬ 
scribed by Werner Buschmann. Concepts of the real-time array (Bom 1971) and 
the phased-array scanning mechanism (Somer, 1968) paved the way for the con¬ 
cept of a linear-array system (Macovski, 1974) 

The real revolution in diagnostic ultrasound started with the development of 
the real-time scanner at Siemens, Erlangen, Germany, by Walter Krause and 
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Richard Soldner together with Johannes Patzold and Otto Kresse. This innovation 
soon completely changed the practice of ultrasound scanning. The manufactured 
“Vidoson” used three rotating transducers housed in front of a parabolic mirror in 
a water coupling system and produced 15 images per second. The image was made 
up of 120 lines and basic gray-scaling was present. The use of fixed-focus large-face 
transducers produced a narrow beam to ensure good resolution and image. 

Fetal life and motions could clearly be demonstrated. D. Hofmann, H. 
Hollander and P. Weiser published its first use in obstetrics and gynecology in 
1966 in the German language. Hofmann and Hollander’s paper in 1968 on 
“Intrauterine diagnosis of hydrops fetus universalis using ultrasound” also in 
German, is probably the first paper in the medical literature describing formally 
the diagnosis of a fetal malformation using ultrasound. Hans Hollander, in anoth¬ 
er paper in 1968, demonstrated the usefulness of a ‘real-time’ scanner in the diag¬ 
nosis of ovarian tumors which were not spotted on pelvic examination. Malte 
Hinselmann, using the Vidoson, demonstrated in 1969 the universal visualization 
of fetal cardiac action from 12 weeks onwards. The Vidoson was popular in the en¬ 
suing 10 years or so and was used in much scientific work published from centers 
in Germany, Switzerland, Austria, Belgium, Italy and other European countries. 

Visualization of the fetus in 3-D has always been on the minds of many investi¬ 
gators. Kazunori Baba, at the Institute of Medical Electronics, University of Tokyo, 
Japan, first reported on a 3-D ultrasound system in 1984 and succeeded in obtain¬ 
ing 3-D fetal images by processing the raw 2-D images on a mini-computer in 
1986. The images obtained were processed on elaborate computer systems. This 
approach successfully produced 3-D images of the fetus which were nevertheless 
inferior to these produced on conventional 2-D scanners. At the same time, to gen¬ 
erate each 3-D image it took on an average some 10 min for data input and recon¬ 
struction, making the setup impractical for routine clinical use. 

A ‘technology push’ situation further evolved when enhancement in diagnostic 
capabilities of scanners was propelled by the almost explosive advancements in 
electronic and microprocessor technology, most significantly in the 1980s and 
1990s. 

Part of this text was adapted from the webside www.ob-ultrasound.net, with 
permission of Joseph Woo, MD, Hong Kong. 
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3.1 Ober die Moglichkeit, hochfrequente mechanische 
Schwingungen als diagnostisches Mittel zu verwenden 


Karl Theodor Dussik (1908-1968) 


Karl Theodor Dussik was born in Vienna, Austria, in January 1908. He graduated 
from the University of Vienna Medical School in 1931. From 1932 to 1938, he was 
psychiatrist and neurologist at the University of Vienna. He was later on made in 
charge of the clinic for diseases of the nervous system at the Allgemeine Poliklinik 
(General Polyclinic) in Vienna. Here, Dussik began his studies in ultrasonics dur¬ 
ing the late 1930s, working with his younger brother, the physicist Friedrich 
Dussik. It was a time when radar-technology was just in place and commercial 
metal flaw detectors had not even been invented. Ultrasound was just starting to 
be tested as a therapeutic tool in medicine, in European countries such as 
Germany and in the United States. Dussik was exploring the possibility of visual¬ 
izing intracranial structures and making ventricular measurements with ultra¬ 
sound waves. He soon became the first physician to apply ultrasound as a diag¬ 
nostic method in human subjects. 

At the beginning of the Second World War, when Austria was annexed by 
Germany in 1938, he left the country and moved to the United States, where 
he worked as attending psychiatrist from 1938 to 1941 at the now defunct 
Metropolitan State Hospital in Waltham, Massachusetts. On returning to Austria, 
Dussik set up experiments at the hospital at Bad Ischl, near Vienna, to image the 
human brain and ventricles with ultrasound, based on a two-dimensional repre¬ 
sentation of intensity attenuation of the ultrasound through human tissues. The 
Dussiks presented their experiments in 1942 and after the war in 1947, introducing 
the term “hyperphonography”. 

They used a through-transmission technique with two transducers placed on 
either side of the head, producing what they called “ventriculograms”, or echo im¬ 
ages of the ventricles of the brain. Coupling was obtained by immersing the upper 
part of the patient’s head and both transducers in a water bath, and the variations 
in the amount of ultrasonic power passing between the transducers were recorded 
photographically on photo paper as light spots. Their apparatus was quite elabo¬ 
rate with the transducers mounted on poles and railings (see below). Pulses of 
l/ioth second were produced at 1.2 MHz. The images produced were very rough 
two-dimensional images of rows of mosaic light intensity points. They had also 
reasoned that if imaging the ventricles was possible, then the technique was also 
feasible for detecting brain tumors and low-intensity ultrasonic waves could be 
used to visualize other internal organs of the human body. 

In Dussik’s “ventriculograms” the image was thought to correspond to the 
shape of the lateral ventricles. These images were later thought to be artifactual by 
W. Giittner and others in Germany in 1952, as it was not quite possible to image the 
ventricles and intracranial tumors satisfactorily by such a through-transmission 
technique on account of the great absorption and reflection of ultrasonic waves by 
the skull bone. The images that Dussik obtained were found not to be true images 
of the cerebral ventricles. 

Dussik’s work and images had led M. I. T. physician H. T. Ballantyne, 
physicist/engineer Richard Bolt, director of the newly established Acoustics 
Laboratory, and engineer Theodor Hueter from Siemens of Germany to investi¬ 
gate into similar techniques. Bolt, Ballantyne and Hueter obtained financial sup- 
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port from the Public Health Service and set up a project to evaluate the value of 
ultrasound as a diagnostic tool in neurology. 

After some initial experiments which produced results similar to that of 
Dussik’s, they put a skull in a water bath and showed that the ultrasonic patterns 
Dussik had been obtaining in vivo from the heads of selected subjects could be 
obtained from an empty skull. 

It soon became apparent that the reflections within the skull and attenuation 
patterns produced by the skull were contributing to the attenuation pattern which 
Dussik had originally thought represented changes in acoustic transmissions 
through the cerebral ventricles. Further research in this area was subsequently 
terminated. The findings had prompted the United States Atomic Energy 
Commission to conclude that ultrasound had no role to play in the diagnosis of 
brain pathologies. Medical research in this area was apparently curtailed for the 
several years that followed. 

After the mid-1950s, due to its ineffectiveness, the transmission technique in 
ultrasonic diagnosis was abandoned in medical ultrasound research throughout 
the world except for some centers in Japan, being replaced by the reflective tech¬ 
nique which had received much attention in a number of pioneering centers 
throughout Europe, Japan and the United States. Karl Dussik, despite this, must be 
credited for being the first medical person to have applied ultrasound as a diag¬ 
nostic tool, and in particular, in a planned and organized fashion. Douglas 
Gordon, a British ultrasound pioneer, in his book “Ultrasound as a diagnostic and 
surgical tool” published in 1964, expressly called Dussik the “Father of Ultrasonic 
Diagnosis”. 

After the war Dussik continued to work as director at the neurology depart¬ 
ment at the Salzkammergut Private Hospital at Bad Ischl, near Vienna. In 1949 he 
published the neurology treatise “Zentralnervensystem und Sauerstoffmangel- 
Belastung” (Central nervous system and hypoxic changes). 

In 1952, Dussik hosted the International Medical Ultrasonic Congress at Bad 
Ischl and delivered John Wild’s paper “15 Megacycle Pulsed Ultrasonic Reflection 
Studies on Biological Tissues” on behalf of Wild, who could not attend. Dussik 
moved to the United States again in 1953 and worked at the Boston Multiple 
Sclerosis Clinic of the Boston State Hospital and the Department of Physical 
Medicine and Rehabilitation of the Boston Dispensary (now the Tufts - New 
England Medical Center). He became involved with ultrasound used as a thera¬ 
peutic tool in physical medicine. At the first American Institute of Ultrasound in 
Medicine (AIUM) scientific meeting in 1953 he presented a paper on the use of ul¬ 
trasound in physical medicine and its diagnostic use in neurology. In his presenta¬ 
tion he said about ultrasonic diagnosis: “However complicated the problems may 
be the importance of these possibilities seems so great as to justify any and all ef¬ 
forts to overcome the technical difficulties .“. His hope and vision seem to have 

reached fulfilment today. 

In the following year, Dussik became a member of the executive committee 
of the AIUM. In 1958 he published his last paper on ultrasonic diagnosis: 
“Measurement of articular tissue with ultrasound” in the American Journal of 
Physical Medicine. He was re-elected to the Executive Board of the AIUM in 1963. 
Dussik continued to practise and collaborate in research in the field of psychiatry, 
in particular new drug treatments for schizophrenia. This included work in the 
late 1960s on thiothixene with renowned Boston neuro-chemist Samuel Bogoch. 

Karl Dussik passed away in Lexington, Massachusetts, USA on 19 March 1968. 

In part excerpted with permission from the website www.ob-ultrasound.net by 
Joseph Woo, MD, Hong Kong. Picture courtesy Joseph Woo, MD. 
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tjber die Moglichkeit, 
hochfrequente mechanische Schwingungen 
als diagnostisches Hilfsmittel zn verwerten 1 . 

Von 

Oberarzt (Kr.O.) Dr. Karl Theo Dussik, 

dzt. Leiter einer F 11 eg-enmtersnohung ss telle und Fuhrer e!uer Lw.-San .-Staffel. 

Mit 3 Textabbildungen. 

(Eingegangen am 12 . September 1941 .) 

Zu der Annahme, hochfrequente mechanische Schwingungen konnten 
auch medizinisehe Bedeutung erhalten, und zu dem Plane, ihre diagno- 
stische Verwertung zu versuchen, wurde ich Ende 1937 durch einen kurzen 
Ubersichtsartikel iiber Anwendung dieser Energieform in der Unter- 
wasserschalltechnik zum Zwecke der Echolotung und hex der Priifung 
von Werkstucken auf kleine Fehlerstellen angeregt. Der Durchfiihrung 
nxeines Planes stellten sich erhebhche Schwierigkeiten entgegen, die in 
der Sache selbsfc, aber auch in auBeren Umstanden lagen, weshalb sich 
eine Veroffentliehung bis heute verzogerte. 

Vorliegende Untersuohung soli erstens die Frage zu klaren versuchen, 
welche krankhaften Zustandsanderungen mit Hilfe der hochfrequenten 
mechanischen Schwingungen zu erkennen waren; zweitens ob eine 
Gefahrdung eintreten kann und welche Bedingungen das praktisch zur 
Durchfiihrung kommende Verfahren einhalten muB, um ohne Schadigung 
des Patienten genaue, verlaBliche und doeh einfach zu gewinnende An- 
gaben am Menschen zu erhalten, Drittens erhebt sich die Frage der 
Indikation zu dieser Untersuchungsmethode, da aus physikalischen und 
anatom ischen Griinden nur bestimmte Korpergegenden in Betracht 
kommen, zu denen der Hirnschadei und vielleicht auch die Wirbelsaule 
gehdren dixrfte. In diesen Gegenden konnten die durch das Verfahren 
erreichbaren Angaben praktischen Wert besitzen. 

Einen physikalischen Uberblick liber dieses Gebiet zu geben, eriibrigt sich* 
Heute liegen in den Monographien von Bergmann und Hiedemann sowie Dognon 
und E. und H. Biancani zusammenfassende Arheiten vor, die jede Einzelheit leicht 
zuganglich machen. Eine Ubersicht iiber das liir den Arzt Wichtige gibt Schliephake. 
Ich kann mich daher darauf beschr&nken, die physikalischen Tatsachen nur soweit 
anzufiihren, wie es zur Untersuchung der eben aufgestellten Fragen und zur Be- 
griindung der Ergebnisse notig ist. 

I* 

Hochfrequente mechanische Schwingungen warden auch als UUra- 
sdhall bezeichnet. Die Frage nach der Art der durch sie erzielbaren 
diagnostischen Daten hangt zunachst von einer Reihe physikalischer 


1 Abgesehlossen am L Mai 194 k 
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154 Karl Theo Dusaik: Tiber die Mdglichkeit, 

Eigenschaften dieser Schwingungen ab, die in der Technik etwa seit der 
Jahrhundertwende (Hiedemann) eine Rolle spielen. Die Ultraschall- 
wellen unterscheiden sich grundsatzlich von den elektromagnetischen 
Schwingungen, z. B, auch den Lichtwellen, dadureh, daB es sich beim 
Ultraschall um Schwingungen in einem. elastischen Medium selbst 
handelt, daB es also zu periodischen Teilchenverschiebungen der durch- 
schallten Substanz selbst kommt, Werden z. B. Schwingungen emer 
Saite erzeugt, so ubernimmt die Luft diese Schwingungen und leitet sie 
zum menschlichen Ohr, wo sie den Eindruck eines urn so hoheren Tones 
hervorrufen, je rascher die Schwingungen erfolgen. Den hochsten hor- 
baren Ton vernebmen wir, wenn die Schwingungen etwa 2G0G0mal in 
der Sekunde erfolgen, also bei einer Frequenz von rund 20000 Hz, 
Es konnen aber auch solche mechanische Schwingungen erzeugt werden, 
die eine weit hohere Frequenz haben und es ist nur in der Begrenztheit 
unseres Sinnesorganes gelegen, daB wir diese hoherfrequenten Schwing- 
imgen nicht mehr horen, uberhaupt nicht mehr unmittelbar wahrnehmen 
konnen. Die Wellenlange X dieser Schwingungen wird, me aus der 
Beziehung X — cjf hervorgeht, mit steigender Frequenz / immer kiirzer, 
sie ist ferner in Anbetracht der im Verhaltnis zu den elektromagnetischen 
Schwingungen sehr geringen Geschwindigkeit c (nach Bergmann in 
Wasser Schallgeschwindigkeit etwa 1200 m/Sek.) wesentlich kiirzer, als 
die gleichfrequenter elektromagnetischer Wellen, deren Geschwindigkeit 
bekanntlich rund 300000 km/Sek. betragt. Bei der Frequenz, die wir bei 
unseren Versuchen meistens anwendeten (1500 kHz = 1500000 Schwin¬ 
gungen in der Sekunde), betragt die Wellenlange in Wasser 
= c ; / = 12.10 2 m ; 15.10 s = 8.HT 4 m = 0M mm. 

Diese GroBenanordnung spielt bei dem Ausbau unserer Methodik eine 
Rolle; wir haben sie in einem entscheidenden Punkt zu berucksichtigen. 

Die physikalischen Eigenschaften des Ultraschalls konnen in zwei 
Gruppen eingeteilt werden, und zwar in solche, die alien Schallwellen 
zukommen und in solche, die erst bei den hoheren Frequenzen, also beim 
Ultraschall allein, auftreten. Die Eigenschaften der ersten Gruppe be- 
dingen, daB die Gesetze der Akustik auch in den oberhalb des menschlichen 
Horens gelegenen Frequenzen weitergelten, die auf allgemeine Gesetze 
des Horschalls aufgebauten Erfahrungen — und solche spielen in der 
Medizin seit jeher eine Rolle — sind daher auch fiir die Anwendung des 
Ultraschalls von Redeutung, Die Tatsache, daB seit Auenbrugger der 
Horschall im Dienste der klinischen Untersuchung als diagnostische 
Hilfe nicht mehr wegzudenken ist, kann meines Erachtens nicht einfach 
als zufallig oder selbstverstandlieh genommen werden, Bei den Be- 
ziehungen zwischen krankhaften Veranderungen der Organe und Ge- 
webe und ihren akustischen Eigenschaften, wie z. B. der Schalleit- 
fahigkeit und der Resonanz, handelt es sich um einen Zusammenhang, 
der in bestimmtem Sinne tiefer bedingt ist, als z. B. der zwischen krank¬ 
haften Zustandsanderungen und dem fiir das Auge erfaBbarem Bilde* 
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Wir schatzen nur deshalb im allgemeinen die optischen Daten wiehtiger 
ein, weil wir als Menschen ,,Augentiere“ sind und gewohnt sind, meistens 
optische Eindriicke fiir die Orientierung vorzuziehen. Wenn diese aber 
nicht mehr ausreichen, oder gar nicht mehr zur Verfugung stehen, 
greifen wir schon im gewohnlichen Leben zu anderen Orientierungs- 
mitteln und das gleiche tun wir bei der Perkussion und Auskultation. 
Wegen der souveranen alterprobten Geltung solcher alter Erfahrungen 
ist es gerade dairn von Wert, sich ibrer zu erinnern, wenn wir komplizierte 
Apparate anwenden wollen. Fragen wir uns des Naheren, was fiir eine 
aUgemeine GesetzmaBigkeit in der Perkussion und Auskultation aus- 
geniitzt wird, so ist die einfache Antwort, daB die krankhaften Vorgange 
oft friihzeitig und verhaltnismaBig stark gerade jene physikalischen 
Eigenschaften der Gewebe verandern, die die Schailphanomene be- 
einflussen, und daB zweitens der Schall in Tiefen dringt, die wir mit dem 
Auge nicht mehr erreichen konnen* Es handelt sich dabei offenbar um 
Veranderungen der Dichte des Gewebes, um seine Konsistenz, seinen 
relativen Wassergehalt und seine kolloidale Struktur. Uber diese Eigen¬ 
schaften der Gewebe und ihre Abweiehung vom normalen Zustand 
konnte uns der Ultraschall Auskunft geben und damit wiirden nicht 
unwichtige Daten geliefert werden. 

Ohne Zweifel hat der Horschall fiir die Untersuchung auch eine Reihe 
objektiver Nachteile. Er ist weniger gut meBbar, folgt komplexeren 
Bedingungen und ist variabler als andere physikalische Daten. Akustische 
Erscheinungen sind auch im allgemeinen im physikalischen Sinne weniger 
gut reproduzierbar. Vor allem besteht kaum eine Moglichkeit, die Rich- 
tung zu bestimmen, die der Horschall nehmen soil. Gerade in diesen 
Punkten kommen uns jene Eigenschaften des Ultras ch alls zu gute, die 
erst bei hoherer Frequenz auftreten. Bei den in der Medizin meist an- 
gewendeten Frequenzen bildet der groBte Teil der hochfrequenten 
mechanischen Schwingungen einen umgrenzten, gerichteten Ultraschall- 
sirahl, der sich geradlinig fortpflanzt. Durch Untersuchungen in ver- 
schiedenen Richtungen des Raumes konnen daher umschriebene Ver¬ 
anderungen der Schalleitfahigkeit gut lokalisiert werden. Die Re¬ 
flexions- und Brechungserscheinungen storen dabei kaum. Die Mog- 
lichkeit der Verwertung der Echoerscheinungen analog der Verwendung 
als Echolot zur Bestimmung der Meerestiefen wird spater noch besprocheiu 

Ultraschall kann zwar mit den Sinnen nicht unmittelbar wahr- 
genommen werden, sondern nur mittelbar an verschiedenen Wirkungen, 
z. B + an der auftretenden Warme oder an mechanischen Folgen. Wie auf 
so vielen anderen Gebieten hat aber auch hier die mod erne physikalische 
Forschung eine ,,Erweiterung unserer Sinne u geschaffen, um mit dem 
von Bernhard Bavink in Ausfuhrungen fiber den ErkenntnisprozeB in 
der Physik verwendeten Ausdruck zu sprechen. Dieser Auf gab e diene n 
verschiedene physikalische Verfahren, mit deren Hilfe sich- Ultraschall 
verhaltnismaBig einfach feststellen und messen laBh Dadurch wird es 
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moglich, ein ,,UltraschalIfeld f( nach Frequenz, Geschwlndigkeit, Wellen- 
lange und Amplitude, also Schallintensitat, zu bestimmen, Diese phy- 
sakalischen GroBen sind untereinander mathematisch abhangig und werden 
auBerdem durch das durchschallte Medium beeinfluBt, Legen wir eine 
dieser physikalischen GroBen, z. B. die Schallintensitat, fest, naohdem 
sie ein gegebenes Medium, z. B, Wasser oder 01 eine bestimmte Strecke 
durehlaufen hat, und andern nun das Schallmedium durch Einbringung 
eines Untersuchungsobjektes in das Wasser oder das Ol, und messen 
nunmehr wieder die Schallintensitat in der gleichen Entfernung von der 
Schallquelle, so finden wir je nach dem Schallvermogen des Unter¬ 
suchungsobjektes in dem durchschallten Bereich eine entsprechende 
Anderung der Schallintensitat. Wir erhalten so ein relatives MaB fur 
das Schalleitvermogen der durchschallten Objekte, ein MaB der bei dem 
bestimmten Objekt vorliegenden Schallabsorption, Man kann nun mit 
praktisch erlaubter Vernaehlassigung einiger anderer Faktoren sagen, 
daB ,,die Absorption in einem bestimmten Medium mit der Schallfrequenz 
und der Viskositat des Mediums wachst und mit der Fortpflanzungs- 
geschwindigkeit und der Dichte des Mediums geringer wird“ (Schlie- 
pkake). Bei gegebenen GroBen des verwendeten Ultrasehalls hangt also 
die Absorption von den Eigenschaften des durchschallten Objektes ab, 
wobei neben dem physikalischen Zustand auch bei verschiedenen nnter- 
suchten Stellen Dieke und Gestaltung der Schichten, aus denen das 
Gewebe sich aufbaut, sowie die Form des Objektes eine Rolle spielt. 
Prozesse, die die Dichte des Gewebes, also bestimmte Seiten des histo- 
logischen Aufbaues, den Wassergehalt und die kolloidale Struktur 
verandera, kormen sich daher in einer Veranderung der Schallabsorption 
anzeigen, Da die Perkussion und Auskultation seit alters her lehrt, daB 
der durch krankhafte Vorgange erreichte Grad der Veranderungen der 
erwahnten physikalischen Eigenschaften ausreicht, sogar den Horschall 
fiir das Ohr merkbar zu verandern, so ist die Annahme berechtigt, daB es 
durch Anwendung der viel empfindlicheren Ultraschallmethoden ge- 
lingen kann, praktisch verwendbare Angaben zu erzielen. Die Tatsache, 
daB die Kleinbeit der Wellenlange die Beugung gegeniiber der strahlen- 
formigen, geradlinigen Ausbreitung der hochfrequenten mechanischen 
Schwingungen zuriicktreten laBt, ermoglicht durch Untersuchungen in 
verschiedenen Richtungen des Raumes Abgrenzung und Lokalisation 
der Stellen umschriebener Veranderungen der Absorption. 

II. 

Wen den wir uns nun der Frage zu, welche Neben wirkungen denkbar 
sind und ob und wie sich eine Gefahrdung vermeiden laBt, so miissen wir 
einen Blick auf die biologischen Wirkungen des Ultraschalles werfen. 
Solche Wirkungen sind schon lange bekannt, als erster hat Langevin 
wahrend des Weltkrieges beobaehtet, wie kleine Fische getotet wurden, 
wenn sie in einen sehr intensiven Ultraschallstrahl gerieten, die er zu 
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Unterwasserschallversuchen verwendete. Eine systematische Unter- 
suchung der biologischen Einfliisse dieser Energieform setzte ein, als 
Wood und Loomis Beobachtungen an verschiedenen Einzellern und an 
roten Blutkorperchen veroffentlichten. Dognon und Biancani haben 
liber dieses Gebiet eine Darstellung veroffentlicht, die iiber eigene 
Arbeiten und liber solehe von Harvey und Loomis , Johnson , Schmitt und 
Uhlemayer berichtet, Es wurde beobaehtet, daB bei geringeren Energien 
trotz oft erstaunlich ausgesprochenen Veranderungen der mikroskopischen 
Struktur des Zellinneren die Wirkungen reversibel waren, wahrend 
bei zunehmender SchaUenergie eine Schwelle erreieht wird, von der ab 
irreversible Eolgen eintreten. Sie fanden pathologisch-anatomisch nur 
am Muskelsystem Veranderungen («. *, dilaceration et dechiquetage extra¬ 
ordinaire du tissu musculaire strie»), alle anderen Organe, aucb das 
besonders genau an sehr lange bestrahlten Mausen untersuohte Zentral- 
nervensystem, erwies sich auch bei den durch Ultrasehall getoteten 
Tieren autoptisch normal, auch Serienschnitte des Gehirnes. In diesem 
Zusammenhang ist ferner auf die Ergebnisse von Gohr und Wederhind 
hinzuweisen, die zeigten, daB durch Ultrasehall sehr hoher Energien 
Fermente, Diastase, Pepsin und andere biologisch wichtige Stoffe, me 
Insulin, Vitamin G, Ergosterin u. a. zerstort werden kdnnen. Die ge^ 
nannten Verfasser haben auch intra vitam und postmortal an Kaninchen 
durch sehr hohe Ultraschallenergie Schadigungen gesetzt. 

Aus diesen Beobachtungen ergibt sich, daB Ultrasehall keineswegs 
eine indifferente Energieform ist, sondern sehr wesentliche Wirkungen 
auf die lebende Substanz haben karnn Gerade die biologischen Versuche 
zeigen aber auch, worauf es ankommt, wemi Schadigungen vermieden 
werden sollen: wir mlissen mit sehr kleiner Energie arbeiten, um jeden- 
falls unter der Schadigungssch welle zu bleiben. Eine solehe Schwelle 
ist ja schon deshalb von vornherein anzunehmen, da es sich bei den 
Kraften, die die Schwingungen bedingen, also Druck- und Temperatur- 
verschiebungen sowohl in der Richtimg der Erwarmung als auch der 
Unterklihlung sowie den daraus folgenden Wirkungen nicht um qualitativ 
neuartige Energien, sondern um solehe Einfliisse handelt, denen die 
lebende Substanz allenthalben ausgesetzt ist und gegen die sie daher auch 
eine gewisse Widerstandsfahigkeit haben muB. Wegen der Tragheit 
der Protoplasmareaktion muB sich ferner der einzige neuartige Faktor, 
die hohe Frequenz, auch nicht ungiinstig auswirken. Fiir die praktische 
Durchfuhrung der Anwendung ergab sich allerdings die Frage, ob es ein 
Verfahren gibt, das so geringe Ultraschallenergien so genau nachzuweisen 
erlaubt, daB ohne Schadigung doch verwertbare Schllisse ermoglicht 
werden. So wird die Frage, ob sich bei Vermeidung von Gefahren fiir 
den Patienten noch diagnostisch auszuwertende Daten ergeben, eine 
Frage des einzuschlagenden speziellen Verfahrens, dem wir uns daher 
nunmehr zuwenden. 
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Sowohl zur Erzeugung wie zum Nachweis von Uitraschall kennt die 
Physik eine ganze Reihe von Mogliehkeiten. Wollen wir sebr hohe Ere^ 
quenzen verwenden, was wegen der Gerichtetheit der hoherfrequenten 
Ultrasehallwellen gut begriindet ist, so kommen von diesen versehiedenen 
Verfahren fur die Erzeugung weder die mechanischen oder thermischen, 
auch weniger das magnetostriktive Verfahren in Betracht, sondern am 
ehesten das piezoelektrische Verfahren. 

Der ^piezoelektrische Eff ekt“ besteht darin, dad bei bestimmten Krystallen — 
vor allem kommen Quarz, Turmalin and Seignettesalz in Betracht — bei Druck 
oder Dehnung in krystallographisch ausgezeichneten Richtungen auf bestimmten 
Krystallflachen elektrische Ladungen auftreten. Dieser Effekt ist uinkebrbar: 
wird ein soleher Krystall in der Weise in ein elektrisches Wechselfeld gebracht, 
dad die Feldrichtung mit der elektrischen Achse des Krystalls zusammenfallt, 
erfahrt dieser in der einen Phase des Wechselstromes eine Dilataton und in der 
anderen Phase eine Kompression um den gleichen Betrag, Da Wechselstrdme in 
beliebiger Frequenz nnd Energie erzeugt werden k 5 nnen, ist es moglich, auf Grand 
dieses 3 ,reziproken piezoelektrischen Ef£ektes“ auch Uitraschall beliebiger Fre- 
quenzen and aach beliebiger Energien — soweit dafiir nicht durch die Festigkeit 
des Qnarzes Grenzen gezogen sind — her vor zubr ingen. 

Zur Untersuchung des Ultraschallfeldes nach Durchtritt durch das 
Untersuchungsobj ekt kommen jene technische Prinzipien in Betracht, 
die mit kleinen Energien auskommen, Dieser Bedingung entsprechen 
wohl am hasten das optische Verfahren sowie die Umkehrung der oben 
beschriebenen Ultraschallerzeogung, der piezoelektrische Nachweis. 

Das optische Verfahren beruht darauf, daB Ultrasehallwellen z. B. in einer 
durchsichtigen Flu&sigkeit als optisches Gitter wir ken und ein paralleles Licht- 
biindel, das sehkrecht zum Uitraschall strahl verlauft, beugen, An der Starke der 
entstehenden Beugrnigsspektren laBt sich die Schall energie ablesen, Das piezo * 
elektrische Verfahren verwertet den direkten piezoelektrischen Effekt; ein piezo- 
elektrischer Quarz 3 der diesmal als Indicator dient, formt die auf ihn auftreffenden 
Schallwellen in elektromagnetische Ladungen um, deren Starke ein MaB fur die 
Schallenergie darstellen. 

Das optische Verfahren hat eine Reihe groBer Yorteiiej fiir eine rasche Orien- 
tierung ist aber doch das piezoelektrische Verfahren vorzuziehen, da es fiir unsere 
Zwecke in der Handhabung einfacher ist und vor allem rasober viele Werte ver- 
schiedener Stellen ernes Objektes bestimmen laBt* Desha lb sind unsere Versuche 
viel offers mit Hilfe des piezoelektrischen, als mittels des optischen Verfahrens 
ausgefuhrt worden, wobei sich zeigte, daB die Stdrungen, die aus der Riickwirkung 
des Indicatorquarz es auf das Schallfeld eintreten, offenbar nicht so groB sind, daB 
sie die Verwertbarkeit der Angaben entscheidend verringem, Es ist aber sehr gut 
moglich, daB in Zukunft das optische Verfahren mehr herangezogen wird. 

So einfach an und fiir sich das Frinzip ist, sowohl fiir die Erzeugung 
als auch fiir den Nachweis des Ultraschalls den piezoelektrischen Quarz 
zu verwenden, so ist doch die Derchfiihrung keineswegs ohne Schwierig- 
keiten moglich. Vor allem lassen sich die technischen Verfahren, die 
bisher auf diesem Prinzip aufgebaut sind, nicht ohne weiteres auf medP 
zinische Angaben anwenden, besonders auch deshalb, weil sie besonders 
bei den mediziniseh gegebenen Voraussetzungen nicht die Mbglichkeit 
bieten, gut reproduzierhare Resultate zu erhalten. Wir waren daher 
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gezwungen, fur unsere Zwecke eine eigene Anordnung und ein spezielles 
Verfahren auszuarbeiten. An dieser Stelle ist es mir eine angenehme 
Pflicht, meiiiem Dank an Fran Dozent Seidel vom I. Physikalischen 
Institnt der Universitat Wien dafiir Ausdruck zu geben 3 daft sie mir 


auf Grand ihrer besonderen Erfah- 
rung auf dem Gebiete der Ultra- 
schallforschung mit Rat und Kritik 
bei den ersten Schritten in dieses 
ftir den Arzt fremde Gebiet weiter- 
geholfen hat. Ebenso danke ich dem 
HocbfrequenzteehnikerC..Bei 5 i?^er J 
der mir bei der konstruktiven Aus- 
gestaltung der Apparatur behilflich 
war. Ich konnte auch einen kleinen 
Kunstgrif f f inden, der durchBeruck- 
sichtigung der WeUenlange eineaus- 
reichende Reproduzierbarkeit der 
MeBergebnisse ennoglicht. Da eine 
genane Beschreibung der Apparatur 
an anderer Stelle erfolgt, kann ich 
mich bier auf das Grundsatzliehe 
besehranken. 

Die durch das spezielle Verfah¬ 
ren technisch zn Ibsende Anfgabe 
war, die in einem Objekt bestehen- 
den Absorptionsverhaltnisse mit 
sehr kleinen Schallenergien fur 
kleine Felder (z. B. Iqcm) eines Un- 
tersuchungsobjektes zn bestimmen 
und die Ergebnisse mit Hilfe einer 
Registriermethode gut darzustellen, 
also ein anschauliches Ulirmchallhild 
des Untersuehungsobjektes zustan- 
de zu bringen. Diese Aufgabe kann 
mit f olgender Anordnung geiost wer- 
den. Das Objekt befindet sich mit 
den zu untersucbenden Teilen in 
einem Wasserbad. In dem das Wasser 



Abb. 1. Uberbliek iiber die Versuchsanord- 
nung ftir kleine Objekte, [ Die mit Lichtstrom 
betriebene Apparatur besteht aus einem 
Transformator Tr, einem Hochfrequenz- 
generator Hfr t ferner aus dem Sendequarz 
Squ und dem Indicatorquarz Jqu, belde in 
entspreehenden Halterangen. Der am Indi- 
catorquarz entstehende Weehselstrom wird 
in dem Empf&ngeraggregat Ea verst&rkt, 
gleichgericbtet und der entstehende Gleich- 
strom mit dem Mini amperemeter Ma ge- 
mess an. Das zu untersuehende Objekt (hier 
ein Model! aus Wache) wird zwischen Sende- 
und Indicatorquarz gehalten und kann 
ebenso wie diese in alien dr el Ri ohtungen 
des Raumes vers oho ben werdem 3 Des besse- 
ren tlberblicks halber ist auf der Abbildung 
ein Tell der Objekthalterung, der Regt- 
striereinriehtung so wie die Olfdllung weg- 
gelassen. 


in zwei einander 


gegenuberliegenden Wanden Fenster angebracht, die nur mit einer diinnen 
Folie verschlossen sind. Je nach der GroBe des Objektes kann entweder das 
ganze WassergefaB in einem groBeren GefaB untergebracht werden oder es 
werden die den beiden Fenstern gegenuber angebrachten Quarze in einer 
Kapsel untergebracht. Jedenfalls miissen die beiden Quarze inisolierendem 
Ol untergebracht sein. Diegedachte Verbindungslinie zwischen den Quarzen 
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geht durch die beiden Follen und durch die zu untersuchende Partie des 
Objektes. Objekt und beide Quarze kdnnen durch eine entsprechende 
Halterung in den drei Richtungen des Raumes verschoben und in jeder 
Stellung festgehalten werden. Auf der einen Seite befindet sioh der 
Senderquarz, der durch das Wech self eld eines Hochfrequenzgenerators 
zu den Schwingungen angeregt wird. Die dadurch entstehenden Ultra- 
schallwellen bilden einen Strahl, der durch das 0i, die Folie der einen 



Abb, 2, Blick auf die Halterung: der piezo elektriscben Quarze* 


Seite in das Wasser und an das Objekt tritt, mit dem groBten Teil der 
Schwingungen dieses geradlinig durchschallt und an der Gegenseite 
wieder austritt, Der Strahl geht wieder durch Wasser, Folie und 01 an 
den Indicator- oder Empfangerquarz, der die ankommenden Schwing¬ 
ungen ubemimmt und sie in elektromagnetische Ladungen umforint. 
Der dadurch entstehende sehr sehwache Wechselstrom wird einem 
Aggregat zugefuhrt, das nach Art eines Rundfunkempfangers arbeitet, 
den Strom durch geeignete Rohren verstarkt und gleichrichtet. Der 
gleichgerichtete Strom ist der Intensitat des am Indicatorquarz an¬ 
kommenden Ultraschalles direkt proportional, so daJ3 wir in der an einem 
Milliampferemeter abzulesenden Teilstriehanzahl ein relatives MaB der 
Schallenergie, die am Empfangerquarz ankommt, haben, Wir stellen 
zuerst den ,,Leerwert tc der Apparatur fest, bringen dann zwischen 
Sender- und Empfangerquarz das zu untersuchende Objekt und unter- 
suchen durch entsprechende Lageverschiebung Feld fur Feld die durch - 
gehende Ultraschallmenge, die von der Absorption im Objekt abhangt. 
Um reproduzierbare Werte zu erhalten, ist die Eeriicksichtigung der 
Wellenlange erforderlich, wodurch dieses Ziel in ausreichender Weise 
erreichbar wird. 
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Um die auf diese Weise erhaltenen Werte ansehaulich zu registrieren, 
kaim man entweder so vorgehen, daB man sie in eine Abbildung des 


Objektes feld weise eintragt oder 
daB man die Photographie zu 
HiHe nimmt, Im ersten Falle 
wird das MaB der Absorption 
zweckmaBig dadurch sinnfallig 
gemacbt, daB die betreffenden 
Felder durch erne Stufenleiter 
von Schwarz (vollsfcandige Ab¬ 
sorption, kein Schalldurehtritt) 
iiber Grautone zunehmender 
Helligkeit (abnehmende Absorp¬ 
tion, groBer werdende Schall- 
energie am Bmpfangerquarz) bis 
zu WeiB (Durchtritt des gesam- 
ten zur Verfugung stehenden 
Schalles) gekennzeichnetwerden. 
Zum Zwecke der automatischen 


hasate SchnHfftache des Praparates 



Registrierung ftibrt man den 
Gleichstrom nach der Messnng 
einer Glimmlampe zu, die um 
so mehr aufleuchten wird, je 
mehr Strom sie erhalt. Bei glei- 
cher Belichtungszeit in jedem 
Felde kommt es auf der photo- 
graphischen Platte zu Schwar- 
zungen, deren Kopie die gleiche 
relative Verteilung der Grautoue 
aufweist, wie eben beschrieben. 


An Hand eines kleinen Beispiels 
mit leiclit iibersehbaren Formver- 
haitnissen sei die praktische Aus- 
fiihrung im Prinzip demonstriert 
(Abb, 3 und Tabelle 1 ), Es handelt 
sicb um ein Stuck aus der rechten 
Hemisphare eines normalen, in For- 
mol geharteten Gebirnes, in das von 
imten ein Ventrikelabschnitt reicht. 

Die Skizzen des Umrisses der basalen 
undvertikalenSchnittflacbe mit dem 
eingez eichneten Umr iB des Yentrlkel - 
abschnittes geben eine Yorstellung von den Farmverbaltnissen, Es wurde der 
unterste Streifen untersucbt, der in seeks je ein Quadratzentimeter groBe Felder 
eingeteilt 1 st- Der Leerwert betrug 150 Teilstriche, die in den einzelnen Feldern 
gemessenen Werte sind aus der Tabelle zu entnehmen, Zum Zwecke der Kontrolle 
der Reproduzierbarkeit der MeBergebnisse wnrden fiinf Kontroilmessungen 
derart vorgenommen, daB naek Bestimmung der relativen Absorption in den sechs 


Abb. 3. Ultrascliallbild, entspreekend dem Er- 
gebnis der funften Messung der Tabelle 1. 
Zur tlbersicht eine UmriBsMssie der basalen 
und vertikalen Schnittflftche des Pr&paratea 
mit dem eingezeichneten Ventrikelschnitt. (Je 
heller das betreffende Eeld im Ultraseballbild 
erschelnt, desto mehr Sob all wurde gemessen, 
des to geringer war also an dieser Stelle die 
Absorption,) Richtung des Ultraschallatrahles 
senkreeht auf die vertikale Schnittfl&ehe (ent- 
spreebend den bei den kleinen Pfeilen). 



vertlkak Schniffftache des Prop a rates 
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Tabelle 1. 


MeBergebnisse an einem 1cm hohen Streifen eines in Formed ge- 
harteten Stiickes der rechten Hemisphare eines normalen GroBhirns 
bei fiinf Kontrollmessungen, 


Measung; 

Feld: 


I 

II 

III 

IV 

V 

Vi 

L 

50 

50 

90 

50 

30 

60 

Teilstriche 

2 f 

55 

70 

80 

55 

35 

55 

S' 

3 . 

50 

80 

85 

50 

35 

55 

JS 

4 . 

60 

85 

85 

55 

35 

55 

ss 

5 . 

55 

85 

100 

55 

45 

60 

3* 


Feldern die Apparatur ganz ausgeschaltet wurde und imn die Messungen unter 
xnoglichst gleichen Bedingmigen wiederholt wurden. Es zeigt sich, daB alle fiinf 
Kontrollversuche die gleiche gut charakterisierte Verteilung der Werte zeigten. 
Im einzelnen differierteu die Werte um Betrage unter 10 % ? our im zweiten Felde 
(zweite vertikale Reihe der Tabelle) ist die Streuung groBer. Dies ist jedoch offenbar 
kein MeBfehler, sondern eine Folge der noch nicht exakt genug dnrchgefiihrfcen 
Halterung des Praparates. Im zweiten Felde wirkt sich der Umstand, daB nicht 
ganz genau das gleiche Feld wie bei dem vorhergehenden Yersuch gemessen wird, 
wegen des Verlaufes der Ventrikelwand starker aus. Die Werte der letzten Reihe 
von Kontrollmessungen sind relativ hoch, was mit der wahrend der Versuche ein- 
getretenen Temperaturerhohung von 21,1 auf 22 ° zusammenhangt. Trotz dieser 
noch weit zu verringemden Fehler zeigt dieses kleine Beispiel doch, daB mit einem 
Blick ein guter Eindruck der Schallabsorptionsverhaltnisse des vorliegenden Pra* 
parates aus dem Ultraschallbildchen zu gewinnen ist, (Soweit gemessen,) 

Ultraschallbilder groBerer Objekte setzen eine entsprechend gute 
Halterung voraus. Die Auffindung der gesetzmaBigen Beziehungen 
dieser Ultraschallbilder erfordert eine sehr groBe Reihe solcher Unter¬ 
suchungen, die im Gange sind. Auch Vergleiche normaler und patho- 
logischer Gewebe wurden bereits begonnen, woriiber an anderer Stelle 
gemeinsam mit J* Hojbauer berichtet wird. Uber die Absorption in 
normalem menschlichen Gewebe hat Pohlmann Untersuchungen mittels 
der Methode der Ultraschallwaage angestellt, Er bestimmte die ,,Halb- 
wertschicht" von Fett, Muskulatur und aus diesen zusammengesetzten 
Gewebepartien, mit der Fragestellung, fur seine therapeutischen Versuche 
Anhaltspunkte uber die Energie zu erhalten, die in der Tiefe liegenden 
Gebilde, wie z. B. der N. ischiadicus noch zugefiihrt bekommen. Pohl¬ 
mann gibt an, eine uberrascheod geringe Absorption gefunden zu haben, 
die etwa den Werten einer stark absorbierenden Flussigkeit entsprechen. 
Muskelsehichten wiesen annahernd die doppelte Absorption auf, als Fett- 
gewebe, Femer hebt Pohlmann hervor, daB iiberraschenderweise die 
Absorption im Gewebe nicht frequenzunabhangig war, wie es eigentlich 
nach dem physikalischen Gesetz (ajv 2 ) erwartet werden muBte, 

Es wurde waiters praktiseh gepruft, ob sich mit diesem speziellen 
Verfahren auch tatsachlich Untersuchungen am Lebenden ohne Scba- 
digungen durchfiihren lassen, Zu diesem Zwecke haben /, Hofbauer , 
C . Beisinger und Verfasser wiederholt Ultrasehall von 1500 kHz und 
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eineT Energie, die gerade ausreichte, mn ihn nach deni Wiederaustritt 
naehzuweisen, durch den eigenen Korper gehen lassen, solehe mechanische 
Sehwingungen schlieBIich auch quer durch den Schadel von Schlafe zu 
Schlafe geleitet, wobei wiederum gerade jene Energie verwendet wurde, 
die ausreichte, den Schall nach dem Wiederaustritt nachzuweisen. 
Bei dieser Energie war eigentlich uberhaupt nichts zu spuren, es wurden 
auch keme sehadliehen Folgen beobachtet. Der austretende Ultraschall 
war dabei nur in einem Felde nachweisbar, das dem Eintrittsfeld gegen- 
uberlag, was durch die geradlinige Fortpflanzung des Ultraschallstrahles 
bedingt ist und diese auch fur den Fall des Durchtritts durch den Schadel 
bestatigt. Diese Beobachtungen uber die gute Vertragliohkeit sehr kleiner 
Ultraschallenergien stimmt mit den Ergebnissen von Selbstversuchen 
Pohlmanns iiberein, von denen wir nachtraglich Kenntnis erhielten, 
PoMmann setzte semen DaumenbaUen einem Ultraschallstrahl von 
800 kHz unter Anwendung einer etwas groBeren Energie als wir aus und 
hat ebenfalls keine sehadliehen Folgen beobachtet, obwohl er wochenlang 
solehe Bestrahlungen wiederholte. 

In diesen Feststellungen liegt auch kein Widerspruch zu den Ergeb¬ 
nissen der biologischen Untersuchungen und zu denen von Gohr und 
Wederkiwd, die eine ganz wesentlich hohere (mindestens fiinfzigfache) 
Energie anwendeten. Es handelt sich eben um eine Frage der Schall- 
amplitude 1 . Der Korper vertragt bis zu einer bestimmten Sehwelle 
die hochfrequenten mechanischen Sehwingungen ebenso gut wie er 
z.B. auch hochfrequente Strome vertragt. Es ist trotzdem unbedingt 
notwendig, groBte Vorsicht walten zu lassen mid weitere Erfahrungen 
Schritt fur Schritt zu sammeln. Es ware aber ebenso verfehlt, wegen der 
bei den biologischen Versuchen beobachtet en Schadigungen oder aus 
anderen Griinden vor Yersuchen mit dieser Energiefonn zuruckzu- 
schrecken, wie es z. B. unrichtig ware, wegen der Folgen eines Blitz- 
schlages die elektrischen Untersuchungen der Nerven- und Muskel- 
erregbarkeit zu fiirchten. 

Zur Erlauterung einer anderen Mogliehkeit, den Ultraschall zu 
diagnostischen Zwecken zu verwerten, soil zunachst die Frage be- 
sproehen werden, ob nicht auch die Echoersehemungen einen brauchbaren 
Weg bieten konnten. Da dieser Weg in der Teehnik bei der Bestimmung 
der Meerestiefen die groBte Rolle spielt, waT es auch mein erster Gedanke, 
in Analogie dazu vorzugehen. Ich habe den Weg aber experimented 
gar nicht beschritten, weil ich glaubte, daB bei den komplizierten Form- 
und Schichtverhaltnissen im Korper so unubersichtliche Reflexions- 
verhaltnisse herrschen diirften, daB bei der geringen Energie, die wir uns 
erlauben durfen, klare Auskunfte nur sehr schwer erreichbar sein wurden. 
Nun haben Gohr und Wederkind 1940 auf die Moglichkeit hingewiesen, 

1 Nach Dognan und Biancani ist noch ein guter Empfang moglieh, wonn die 
am Empfangerquarz ankommende Vibration den Flussigkeitsmolekulen Bewegungen 
erfceilt, die 10 -s cm nicht uberschreiten, also kleiner als die Molekii!grdJ 3 e sind. 
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die Ultraschallotung zu diagnostischen Zwecken, und zwar zur „Fest- 
stellung der GroBe und Form innerer Organe und krankhafter Ver- 
anderungen (Tumoren, Exsudate, Abscesse usw.) zu verwenden f£ . Gohr 
und Wederkind memen, dieser Weg zur Lagebestimmung sei durchaus 
beschreitbar und wiirde bei Anwendung geeigneter WeUenlangeh sehr 
exakte Resultate ergeben, was eine wertvolle Erganzung des Rdntgen- 
verfabrens bedeuten wurde. Ergebnisse auf Grund dieser Annahme sind 
meines Wissens noch nicht bekairntgeworden. Auch Schliephake fuhrt 
in der schon mehrfach zitierten Arbeit 1940 aus, daB sich 3J vielleicht 
auch diagnostische Mdglichkeiten aus der Verwendung von Schall- und 
Ultraschallwellen ergeben konnten, Insbesondere kame eine Anpeilung 
von Verdichtungsherden, Tumoren usw. im Inneren des Korpers durch 
Erzeugung stehender Wellen in Frage, also eine Art verfeinerter Per- 
kussion," Unser eigenes spezielles Verfahren ist von diesen beiden Vor- 
schlagen grundsatzlich verschieden, da es mit dem Faktor der Absorption 
arbeitet, der bei diesen beiden Vorschlagen nicht herangezogen wird und 
vielleicht der einfachate ist. 

Vorliegendes spezielles Verfahren stellt eine Modifikation jener Ver¬ 
fahren dar, die von der Technik bei der Werkstoffpr lifting versuehsweise 
angewendet wurden 3 muBte jedoch fur die medizinischen Aufgaben eigens 
adaptiert und in dem wichtigen Punkt der Reproduzierbarkeit der 
MeBergebnisse ausgestaltet werden. An Hand einer Erorterung dieser 
technischen Verfahren laBt sich dies noch naher erlautern, weshalb wir 
darauf kurz eingehen. 

Bei den technischen Verfahren, die hier in Frage kommen, handelt es sich nach 
der Schilderung Bergmanns darum, mittel s Ultraschall eine Priifung groBerer 
\Verkstiicke vorzunehmen, bei denen die Durchleuchtung mit Rontgenstrahlen 
nicht mekr moglich ist. Dadurch sollen Inhomogenitaten, wie Hohlraume, Risse usw. 
erkannt werden, da an solchen Fehlerstellen eine Reflexion ader Absorption der 
Ultraschallwellen stattfinden, demzufolge an der dem Schallgeber gegeniiber- 
liegenden Seite weniger Schallenergie austritt als an benachbarten Punkten. 
Als erster hat Muhlhduser darauf aufmerksam gemacht, daB eine solche Mdglichkeit 
gegeben ware, die ersten praktischen Versuche hat Sokoloff an groBeren Stahlstiicken 
durchgefiihrt. Der Quarz wird an das Werkstuck, dessen Flachen eben geschliffen 
werden miissen, angedriickt, die Schall wellen durchlaufen den Stahl und werden 
nach ihrem Austritt durch das optische Verfahren nachgewiesen, Zu diesem Zwecke 
werden die austretenden Schall wellen in eine Fliissigkeit geleitet, durch die im rechten 
Winkel zum Schallstrahl ein paralleled Lichtbundel geleitet wird. Die Schallwellen 
verursachen eine Beugung des Lichtes, die Intensitat der Beugungsspektren laBt 
dann auf Inhomogenitaten im Innern des Werkstiickes schlieBen. Fur die praktische 
Durehfiihrung ergeben sich aber groBe Schwierigkeiten (Kruse , Bergmann), ins- 
besondere fur eine serienweise Priifung von Werkstiicken, Kruse hebt drei Be- 
dingungen hervor, die fur einwandfreies Erkeimen von Fehlerstellen ndtig sind: 
erstens muB die verwendete Schall well e im Inneren des Objektes kleiner sein als 
das kieinste zu erwartende Hindernis; zweitens muB die das Werkstuck durch- 
setzende Schallenergie quantitativ und reproduzierbar einstellbar sein; drittens muB 
die hindurchgetretene Energie quantitativ und reproduzierbar meBbar sein. Die 
beiden letzteren Bedingungen seien schon sehr sehwer und nur bei gut bearbeiteten 
Werkstiicken erfullbar, da schon kleine Inhomogenitaten ohne Bedeutung als 
Fehlerstellen AnlaB zu unerwunschten Reugungs- und Reflex ionserscheinungen 
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elektrischen Sckallindicatoren gearbeitet, es zeigten sich, jedoch auch bier praktisch 
wenig zufriedenstellende Resultate, da schon eine minimale Anderung der Frequenz 
oder eine etwas andere Anbringung des Schallgebers bewirken karrn, daB die durch 
das Werkstuck hindurchgefcretene Energie von einem Maximum auf ein Minimum 
absinkt ? ohne daB damit eine Verschiedenheit des Untersuchungaobjektes angezeigt 
wiirde. Ferner entstehen noch Schwierigkeiten durch das Auftreten stebender 
Wellen, durch die Mehrweiligkeit des Quarzes sowie durch die infolge gegenseitiger 
Eeeinflussung einzelner Teilabschnitte hervorgerufenen Kopplungsschwingungen. — 
Meyer und Buchmarm haben magnetostriktive Schallgeber verwendet, die an das 
Werkstuck — eisenbewehrte Eetonbalken —- angegipst warden. 

Eine Uberlegung dariiber, was diese bei der technischen Anwendung 
auftretenden Schwierigkeiten fur unser Anwendungsgebiet bedeuten, 
muB davon ausgehen, daB unsere Aufgabenstellung wesentlich ver- 
schieden ist, vor allem der GroBenordmmg nach, Wir wollen nicht 
Fehler feststellen, die nach Zehntelmillimeter messen, da dies fur unsere 
Aufgabe ohne Bedeutung ware. Fiir uns handelt es sieh um Gebiete, 
die mehrere Zentimeter messen und die auSerdem nicht auf ein mehrere 
Meter groBes Werkstuck verteilt sind. Wir konnen ferner hoffen, aueh 
bei weiter gezogenen Fehlergrenzen noch verwertbare Resultate zu 
erhalten, da es sieh um Dilferenzen handelt, die schon den Horschall 
beeinflussen und dann mit unserem Ohr unmittelbar zu erkennen sind. 
Auch besteht fiir uns nicht die Notwendigkeit, absolute MaBe zu erhalten, 
wie sie den Physiker (bei anderen Untersuchungen) interessieren. Fiir 
uns geniigen Vergleichsmessungen, Schliefilich war es, wie oben erwahnt, 
moglich, eine Verbesserung der Reproduzierbarkeit der MeBergebnisse 
durch Anwendung eines kleiiien Kunstgriffes zu erzielen. 

Die zweite der unserer vorliegenden Untersu chung zugrunde gelegten 
Frage, wie sich eine Gefahrdung vermeiden laBt und welche Bedingungen 
das zu wahlende Verfahren einhalten muB, um ohne Schadigung genaue, 
reproduzierbare Angaben auf einfachem Wege zu liefern, ist somit grand- 
satzlich beantwortet, Die Priifung der klinischen Anwendbarkeit ist 
Aufgabe weiterer, im Gange befindlicher Versuche. 

III. 

Eine erfolgreiche klinische Anwendung der hocbfrequenten in e eh a- 
niscben Schwingungen setzt noch eine Abgrenzung der Indikation voraus, 
vor allem die Beantwortung der Frage, welche Korpergegenden sich fiir 
solche Untersuchungen eignen. Es muB namlich noch auf eine Eigen- 
schaft der Ultraschallschwingungen Bedacht genommen werden, die ihre 
Anwendung wesentlich einschranken diirfte, Ultraschall wird in gas- 
formigen Medien ganz wesentlich starker absorbiert als in Eliissigkeiten 
und festen Korpern. Man erhalt z. B. fur Luft nach Bergmann bei gleieher 
Frequenz einen etwa 1700mal hoheren Wert der Absorption als fiir 
Wasser. Xnfolgedessen muB dafiir gesorgt seiii, daB zwischen Sender- 
quarz und Indicatorquarz die mechanischen Schwingungen auf ihrem 
Wege nirgends durch Luftschichten gehen, Da auch schon sehr kleine 
gasformige Schichten wegen der an ihnen auftretenden Reflexion und 
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der hohen Dampfung Ultrasehali der verwendbaren EnergiegroBe prak- 
tisch veraichten, eine Steigerung der Energie sich aber wegen der Gefahr, 
an der Eintrittstelle Schadigungen des Gewebes zu setzen, verbietet, 
kommen nur solche Korperteile und Organe fur diese Untersuchung in 
Frage, bei denen keine lufthaltigen Schichten passiert warden mussen. 
Damit fallen fiir unser spezielles Yerfahren z. B. die groBen Kdrperhohlen 
weg, Ob die schon erwahnte, von Gohr und Wederkind vorgeschlagene 
Ultraschallotung oder die von ScMiephaJce gedachte Ultraschallpeilung 
mit Hilfe stehender Wellen hier als Methoden einspringen konnen, 
kann von uns mangels Gelegenheit zu eigenen Untersuchungen nicht 
gesagt werden, 

Es gibt jedoch ein Gebiet, das trotz dieser Einschrankung fur Unter¬ 
suchungen mit unserem Yerfahren geeignete Bedingungen aufweist. 
Wir sehen dabei von den denkbaren Untersuchungen im Bereiche der 
parenchymatdsen Organe (z. B. Leber, Nieren, Testes) sowie den Ex- 
tremitaten und kleineren Fragestellungen ab 3 wenden uns vielmehr 
Untersuchungen im Bereiche des Hirnschadels und der Wirbelsaule zu. 
Hier liegen die anatomischen Verhaltnisse glinstiger, denn die lufthaltigen 
Nasennebenhohlen und das Mittelohr mit den Mastoidzellen konnen 
durch entsprechende Wahl der Untersuchungsrichtungen umgangen 
werden. AuBerdem ist es ohne weiferes klar, daG es eine Bedeutung fur 
die neurologische Untersuchung hatte, wenn dadurch neue Moglichkeiten 
zu gewinnen waren, Aufschliisse iiber Veranderungen der Konsistenz, 
der Elastizitatsverhaltnisse und des kolloidalen Zustandes im Zentral- 
nervensystem ohne chirurgischen Eingriff zu erhalten, die genau zu 
lokalisieren w&ren. Bei den bekannten Sehwierigkeiten, rdntgenologisch 
z.B. Tumoren im Schadelinneren nachzuweisen, die uns meist zu 
komplizierten Hilfsmethoden chirurgiseher Art vor einer Operation 
zwingen, wobei wir dadurch auBerdem meist nur annahernde Angaben 
iiber Art- und Ortdiagnose erhalten, miiBte hier ein Feld fiir die An- 
wendung unseres Verfahrens gegeben sein. Aber nicht nur Diagnose 
und Lokalisation der Tumoren und Abseesse, sondern auch andere 
Fragestellungen z, B, iiber Hirnodem und Hirnschwellung, sowie iiber 
beginnende und ausgesprochene Folgen von GefaBerkrankungen und 
Kreislaufstorungen, sowie vielleicht auch iiber passagere Zustande bei 
Migrane und epileptisohen Anfallen, sowie Beizversuche wiirden z. B. mog- 
licherweise durch solche Yersuehe gefordert werden konnen, wobei es 
uns femliegt, die Fiille von Schwierigkeiten zu iibersehen oder auch 
ubermaBige Erwartungen zu hegen oder auszusprechen, Es liegt in der 
Natur der Sache, daB die Yersuehe, die im Gauge sind, langwierig und 
schwierig sind. Trotz der gerade bei diesen Untersuchungen bestehenden 
Unterschiede zwischen lebender und toter Substanz sind doch auch 
Aufschliisse von der Untersuchung pathologisch-anatomischer Praparate 
zu erwarten, woriiber an anderer Stelle gemeinsam mit /. Hofbauer 
herichtet wird 3 die diese Yersuehe teilweise selbstandig weiterfiihrte 3 



160 


Chapter 3 Ultrasound 


mech&nische Schwingungen als diagnoses ches Hilfsmittel zu verwerten. 1Q7 

Zum Sehlusse sei noch kurz auf die Erage der therapeutischen An- 
wendung des Ultraschalls eingegangen. Schon Langevin , der den ersten 
Ultraschallgenerator fur groRe Energien haute, hat an diese Moglichkeit 
gedacht und in den letzten Jahren sind auch eine Reihe von Arbeiten 
iiber dieses Problem erschienen. Dabei wurden teilweise auch Be- 
obachtungen veroffentlicht, die ich bereits zitiert habe, obwohl sie mir 
bei Ausarbeitung unseres Verfahrens noch nicht bekannt sein konnten, 
jedoch — wie sich naehtraglich fur mieh herausstellte — die Grand- 
annahme gut stiitztem Deshalb wurden sie auch im Zusammenhange 
der Darstellung geschildert und nicht etwa der Entwicklung eiitsprechend, 
die unsere eigenen Arbeiten genommen haben, nur von den eigenen 
Versuchen ausgegangen. In therapeutischer Hinsicht haben wir keine 
eigenen Beobaehtungen gemacht. Pur diese ergeben sich auf Grand der 
bisherigen Veroffentlichungen drei bisher bearbeitete Anwendungs- 
gebiete. Erstens wurde versucht, Sehwerhbrigkeit mit Ultraschaliwellen 
zu behandeln (Hamm, Diesbacker , Frenzel u. a., PerwitzschM, Voft). 
Das zweite Gebiet betrifft die Behandlung rheumatischer Erkrankungen, 
wie Neuralgien und Neuritiden ( Pohlmann , Freundlich , SoUner und 
Rogowski und spater andere), Drittens wurde versucht, verschiedene 
Substanzen durch Ultraschall in die Haut einzubringen (Florstedt und 
Pohlmann). Es war namlich festgestellt worden, daB die Diffusions- 
vorgange durch Ultraschall gesteigert werden (Frenzel, Hinsberg und 
Schultes) , was auch in anderem Zusammenhange bemerkensw^ert ist, 
Es werden Erfolge berichtet, die auch dasu gefiihrt haben, daB z. die 
Firma Siemens & Reiniger Ultraschallapparate zwecks therapeutischer 
Verwendung des Ultraschalls in den Handel gebracht hat. 

Wir konnen nicht entscheiden, ob durch diese Anwendungsarten des 
Ultraschalls die Verfahren, an die sich die beiden letzten Anwendungs* 
gebiete anschlieBen, also die Diathermie und Kurzwellendiathermie 
einerseits und die Jontophorese andererseits durch die Anwendung 
hochfrequenter mechanischer Wellen ubertroffen oder erganzt werden. 
Unseres Erachtens 1st die Anwendung des Ultraschalls besonders in- 
sofern aussichtsreieh als seine speziellen physikalischen Eigenarten 
ausgeniitzt werden konnen. Ebenso wie wir an die Anwendung im Be- 
reiche der groBen Korperhohlen, wo iiberdies das Rontgen Lokalisation 
und Diagnose so gut ermbglicht, keine besondercn diagnostischen Hoff- 
nungen auf den Ulti^aschall setzen, sondern mehr auf solehe Gebiete, 
wo wie beim Zentralnervensystem der Rontgendiagnostik gewisse 
Schwierigkeiten entgegentreten, in ahnlicher Weise halten wir es auf 
therapeutischem Gebiete fur aussichtsreieher, speziellere Indikationen 
festzulegen und zu befolgen. Dafiir geben bereits die experimentellen 
Ergebnisse iiber die Beeinflussung verschiedener Bakterien- und Virus- 
arten (so der Lyssa-Poliomyelitis- und Fleckfiebererreger sowie der 
Vaccine), woruber eine Reihe von Arbeiten von Kasahara t Takahashi , 
Blinkin u. a., Hirohashi, Williams und Gaines sowie Hopwood u. a. be- 
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Beeinflussung der kolloidalen Struktur der Zellen und Gewebe oder an die 
gefaBerweitemde Wirkung des Ultraschalls anschlieBen. Dasselbe gilt 
fur die Beobaektungen liber die Beeinflussung des Hlihnersarkoms 
(Namikawa) mid des Rattensarkoms (Hirohashi und Hayashi /. Wir 
giauben jedenfalls, daB bei aller berechtigten Skepsis das Urteil verfrliht 
ware, zu dem Gohr und Wederkmd kommen, es seien therapeutische 
Anwendungen des Ultraschalls wahrscheinlich nicht moglich, Die Ant- 
wort auf alle diese Fragen kann nur das Experiment geben, zu dem fur 
mich derzeit leider nur eine beschrankte Moglichkeit besteht. 

Zusammenfassung. 

1. Angeregt durch einen Bericht liber die Anwendung des Ultra- 
schalles in der Teehnik wurde untersucht, ob die hocbfrequenten me- 
chanisehen Schwingungen als diagnostisches Hilfsmittel verwertbar 
waren, Es wurde gefolgert, daB diese Energieform Angaben iiber Zustands- 
anderungen der Gewebe und deren Lokalisation ermoglichen konnten. 

2. Weiters wurden die Bedingungen erortert, die ein Verfahren ein- 
halten muB, um ohne Schadigung genaue, verlaBliche Angaben bei ein- 
faeher Handhabung zu liefem. Es konnte ein Verfahren fur die spezieUen 
Aufgaben der diagnostischen Untersuchungen ausgearbeitet werden, 
das diese Bedingungen erfiillt. 

3. Flir die Untersuchung kommen nur bestimmte Korperteile in 
Frage, zu denen der Hirnschadel und die Wirbelsaule gehoren diirften. 
Die hier zu gewinnenden Angaben konnten praktisehen Wert haben. 
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John Julian Wild (born 1914) 


John Julian Wild was born on n August 1914 in Kent, England and received his ear¬ 
ly education in London. He received a BA degree from Cambridge University in 
1936 and an MA degree in 1940. In 1942, he received his MD degree from 
Cambridge University. In 1971 Wild got his PhD from Cambridge University 
Faculty of Investigative Medicine. 

From 1942 to 1944, Wild was a staff surgeon at Miller General, St. Charles, and 
North Middlesex hospitals in London. In 1944, he joined the Royal Army Medical 
Corps and attained the rank of major; he served in the corps until 1945. He was 
elected a member of the Royal Society of Medicine in 1944. 

After World War II (1939-1945), Wild emigrated to the United States. Until 1951, 
he was a fellow in the Department of Surgery at the University of Minnesota, 
Minneapolis. In the spring of 1949, Wild, supported by a U.S. Public Health Service 
surgical fellowship, started working on bowel failure. He had previously become 
interested in treating bowel distension or bloating at the Miller General Hospital, 
Greenwich, during World War II when the condition became common, and often 
fatal, following bomb blast from buzz-bombs. Working with similar surgical 
bloating conditions in Minneapolis he needed to measure the changes in thick¬ 
ness of the bowel wall in living, distended patients in order to select the best treat¬ 
ment. For this purpose, pulse-reflective ultrasound was considered a possibility. 
Furthermore he discovered differential ultrasonic properties of stomach cancer 
(1949). 

Available commercial non-destructive testing equipment, developed by Donald 
Sproule in England and Firestone in the United States for detecting cracks in tank 
armour plate, operated at too low a frequency to achieve the theoretical resolution 
required for bowel wall measurement. Between 1950 and 1951, Wild’s collaboration 
with Lyle French at the department of neurosurgery in making diagnosis of brain 
tumors using ultrasound also showed that method was not very useful. 

A much more sophisticated piece of ultrasonic equipment developed during 
wartime to train flyers to read radar maps of enemy territory lay almost idle at the 
World-Chamberlain Naval Air Base in Minneapolis, Minnesota. This equipment 
operated at 15 m/c. Wild gained access to this equipment and with the help of 
Donald Neal, in technical charge, quickly confirmed the possibility of measure¬ 
ment of living bowel wall thickness at 15 m/c frequency. Further experimenting 
with a surgical specimen of cancer of the stomach wall brought forth the then 
completely novel concept, by Wild, of using pulse-echo ultrasound for tumor diag¬ 
nosis and detection. This concept of the possibility of applying pulse-echo ultra¬ 
sound usefully to medicine was skeptically received by the exact disciplines. 

In February 1950 Wild’s landmark paper “The use of ultrasonic pulses for the 
measurement of biologic tissues and the detection of tissue density changes” was 
published in “Surgery”. This paper was received for publication 14 November 1949 
and it was the first in the literature for the discovery of ultrasonic detection of 
cancer growth. 

More and more proof of differential sonic energy reflection by tumor-disor¬ 
ganized soft tissues was gained by subjective comparison of the graphical time- 
amplitude (A-mode) trace pairs obtained from control and diseased tissues. Work 
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at the naval air base was concluded early in 1951 with examination of a clinically 
non-malignant nodule and a clinically malignant nodule of the living, intact hu¬ 
man breast. 

These further results were published in the “ Lancet ” in March 1951. Wild now 
envisioned the exciting possibility of non-invasive ultrasonic diagnosis and even 
detection of early cancer at accessible sites. He had two common sites in mind, the 
breast and the colon. Donald Neal was soon deployed to regular naval services at 
the naval air base after the Korean war. In mid-1950, financed by the National 
Cancer Institute of the U. S. Public Health Service, Wild and John Reid, a recent 
graduate electrical engineer, had begun working together as an interdisciplinary 
team. By early 1951 they had built the first hospital “echograph” on wheels and 
used it at 15 m/c to gain increasing subjective clinical evidence of differential son¬ 
ic energy reflection by neoplastic tissues. Analysis of a series of clinical A-mode 
records of breast tumors by Wild revealed a statistically valid, objective index of 
sonic energy return from neoplastic tissue as compared to that of control tissue. 

Real-time gross anatomical cross sectional images of Wild’s arm were obtained 
by application of this first self-contained small parts scanner. He produced the 
first two-dimensional ultrasonic (B-mode) visual images in real time of the living 
arm and breast tumours.This work was published in a lead article in “ Science ” in 
February 1952 (115:226-230), and preceded Howry’s first publication of laboratory 
images by 7 months. 

Wild and Reid then built a linear B-mode instrument, a formidable technical 
task in those days, in order fully to visualize tumors by sweeping from side to side 
through breast lumps. In May 1953 this instrument produced a real-time image at 
15 m/c of a 7-mm cancer of the nipple in situ, providing direct visual proof of the 
claimed differential sonic reflection. In 1954 Wild presented his work in a lecture 
at Middlesex Hospital in London, and to such notables as Prof. Mayneord at the 
Royal Marsden Hospital and Prof. Chassar Moir at Oxford, catalyzing work al¬ 
ready in progress. Among the audience was also Dr. Ian Donald, who later was to 
become one of the most important pioneers in diagnostic ultrasonography. Wild’s 
findings were independently confirmed in Japan in 1956 by Toshio Wagai. 

By 1956, Wild and Reid had examined 117 cases of breast pathology with their 
linear real-time B-mode instrument and had started work on colon tumor diag¬ 
nosis and detection. Analysis of the breast series showed very promising results 
for pre-operative diagnosis. Most importantly, tumors at the desirable maximum 
size for a good prognosis (1 cm) were visualized and tumors as small as 1 mm were 
seen in the nipple. 

In 1956 Wild also developed a rectal scanner. The transducer was inserted rec- 
tally, rotated, and then withdrawn in a planned scanning pattern, thus visualizing 
tumor of the large bowel. He also constructed a double transducer scanner for the 
study of the heart. A yoke holding both transducers fit over the shoulder, thus the 
sending and receiving transducers were placed on different sides of the chest. 
Wild continued his research at the Medico-Technological Research Institute of 
Minneapolis, St. Louis Park, Minnesota under private funding as governmental 
grants were withdrawn subsequent to legal disputes. 

Wild received many honors and much recognition from learned societies and 
universities throughout the world, including awards from the American Institute 
of Ultrasound in Medicine (AIUM) and the World Federation of Ultrasound in 
Medicine and Biology (WFUMB). Wild continued to serve as the Director of the 
Medico-Technological Research Institute in Minneapolis until it closed in 1999. 

He was also presented the prestigious “Japan Prize” by the Science and 
Technology Foundation of Japan in 1991 for his pioneering work in ultrasonogra¬ 
phy. In that same year he was elected an honorary member of the Japan Society 
for Ultrasound in Medicine, becoming only the second foreigner to be so honored. 
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In 1994, Britain issued a set of stamps to commemorate Wild’s pioneer work in 
ultrasonography. In 1998 he was presented with the Frank Annunzio Award by the 
Christopher Columbus Fellowship Foundation. 

In part excerpted with permission from the webside www.ob-ultrasound.net by 
Joseph Woo, MD, Hong Kong. Picture courtesy John Wild, MD, PhD. 


John M. Reid (born 1926) 


John M. Reid was born in Minneapolis, Minnesota June 26,1926. He received his 
BS (1950) and MS (1957) degrees in electrical engineering from the University of 
Minnesota, and the PhD in Electrical Engineering from the University of 
Pennsylvania (1965). From 1950-1957, Reid worked on medical diagnosis with ul¬ 
trasound at the Department of Electrical Engineering and Surgery, University of 
Minnesota and St. Barnabas Hospital, Minneapolis, where he worked on tissue 
characterization with ultrasound and developed the first clinical ultrasonic scan¬ 
ner with John J. Wild. 

Reid was engaged through a grant from the National Cancer Institute as the 
sole engineer to build and operate Wild’s ultrasonic apparatus. Wild and Reid 
built, amongst other ultrasonic devices, a linear B-mode instrument, a formidable 
technical task In those days, in order fully to visualize tumors by sweeping from 
side to side through breast lumps. In May 1953 this instrument produced a real¬ 
time image at 15 m/c of a 7-mm cancer of the nipple in situ along with A-mode dif¬ 
ferential sonic reflections. Based on technology from the World War II radar, Reid 
devised important circuitry to compensate for the attenuation of ultrasound in 
tissues by setting the receiver gain as a function of the tissue depth. Similar mech¬ 
anisms were deployed in most medical ultrasound systems that followed. 

In 1957 Reid completed his MS thesis, which compared the theory for focusing 
radiators to experimental findings. In addition he had importantly verified that 
dynamic focusing was practical. He subsequently left Wild’s laboratory and pur¬ 
sued his doctoral degree at the Department of Biomedical Electronic Engineering, 
Moore School of Electrical Engineering, University of Pennsylvania, Philadelphia. 

From 1957-1965 he worked on echocardiography, producing and using the first 
such system in the United States, with cardiologist Dr. Claude Joyner. This re¬ 
quired developing design and construction methods for making ceramic pulse- 
echo transducers and measuring their performance. Reid was responsible for con¬ 
structing Joyner’s equipment, which could display both the EKG and echocardio¬ 
gram simultaneously. He also worked out methods for measuring the ultrasonic 
power levels used by diagnostic machines using a radiation force balance, and de¬ 
veloped methods for making ultrasonic scattering measurements in tissues. 

Reid became a Research Assistant Professor at the Department of Physiology 
and Biophysics (1966-1968) and the Center for Bioengineering (1968-1977) at the 
University of Washington, Seattle. Here he continued the tissue research, which 
culminated in measurement of the scattering cross section of red blood cells, with 
Professor Rubens Sigelman and Dr. K. Shung. In addition, he worked on the con¬ 
tinuous wave and pulse Doppler and duplex imaging devices with the Donald 
Baker team. He participated in forming the Institute of Applied Physiology and 
Medicine in Seattle with Dr. Merrill Spencer, and also was affiliated with the 
Providence Hospital from 1971-1981, while working on measurements, gas bubble 
detection, Doppler imaging and other ultrasonic developments. 

He also participated in the standards writing work of the International 
Electrotechnical Commission, as a United States delegate to their ultrasonics sub- 
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committees and working groups since 1981, funded by the National Electrical 
Manufacturers Association and the American Institute of Ultrasound in Medicine. 

In 1981 Reid held the Calhoun Chair of Biomedical Engineering at Drexel 
University and became an Adjunct Professor of Radiology at Thomas Jefferson 
University, both in Philadelphia, where the work on ultrasonic diagnosis of tissue 
has continued to date. This is a Program Project funded by an NIH grant and in¬ 
volves nine projects with other professors at Drexel and Thomas Jefferson. He was 
Acting Director of the Biomedical Engineering and Science Institute at Drexel 
University for two years, and although retired from the Calhoun Chair in 1994, is 
currently an Emeritus and Research Professor at Drexel, a Professor of Radiology 
at Thomas Jefferson University and an Affiliate Professor of Bioengineering at the 
University of Washington. His current activities include directing an N.I.H. 
Program Project grant with other faculty members at Drexel and Thomas 
Jefferson Hospital on diagnosis of human breast cancer using ultrasound, consult¬ 
ing and writing on medical ultrasound systems and transducers. He is also in¬ 
volved in the investigation of the propagation and scattering of ultrasound waves 
in biological tissues (tissue characterization), and the study of cardiovascular sys¬ 
tem structure and function through the ultrasound Doppler effect. 

Professor Reid is a Life Fellow of the IEEE, a Fellow of the Acoustical Society of 
America and of the American Institute of Ultrasound in Medicine, whose Pioneer 
Award he received in 1979, and of the American Institute for Medical and 
Biological Engineering. He received the Career Achievement Award of the IEEE 
Engineering in Medicine and Biology Society in 1993 and the Pioneer Award of the 
Society of Vascular Technologists in 1994. A special issue of the journal 
“ Ultrasound in Medicine and Biology ” dedicated to him and containing papers by 
his students and collaborators was published in 1994. In 2000, Professor Reid was 
elected Honorary Member of the World Federation for Ultrasound in Medicine 
and Biology. 

In part excerpted with permission from the webside www.ob-ultrasound.net by 
Joseph Woo, MD, Hong Kong. Picture courtesy John Reid, PhD. 
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Application of Echo-Ranging Techniques to 
the Determination of Structure of Biological 

Tissues 1 

John J. Wild and John M. Reid 2 ’ 3 

Department of Electrical Engineering , University of Minnesota, Minneapolis 


T he results of preliminary 

STUDIES on the use of a narrow beam of 
15 megacycle pulsed ultrasonic energy for 
the examination of the histological structure 
of tissues have been sufficiently encouraging to war¬ 
rant the development of the apparatus that is the 
subject of this report. 

Whereas the initial method of examination of tis¬ 
sues gave records of histological structure in one 
dimension analogous to a needle biopsy, the method 
to be described was designed to give a two-dimensional 
picture such as would be obtained by adding up the 
information from a series of needle biopsies taken in 
one plane across a given piece of tissue. Such differ¬ 
entiation of soft tissue structure is without precedent 
in the biological field. Theoretically it was thought 
possible to record soft tissue structure by tracing 
the information obtained from a sound beam sweep¬ 
ing through the tissues onto a fluorescent television 
screen. Thus, a tumor could be detected in soft tissues, 
provided the echoes returning from the tumor differed 
from the echoes returning from the tissue of origin 
of the tumor. Differences of sufficient magnitude ob¬ 
tained from the needle biopsy method of examination 
have already been demonstrated in the pilot studies 
reported elsewhere (1—t)* The initial studies covered 
a variety of common tumors arising in the human 
stomach, brain, and breast. Work subsequent to these 
studies has confirmed the findings on a larger and 
wider scale. 

Definition of terms. It is necessary to introduce some 
new words in order to make it possible to describe the 

ir rhis investigation w:is supported by ?i research grant 
from the National Cancer Institute of the National Institutes 
of Health, USPHS. 

s We wish to thank Maurice B. Visscher, head of the De¬ 
partment of Physiology, and Henry E. Hartfg, head of the 
Department of Electrical Engineering, University of Minne¬ 
sota, for their help and suggestions in the preparation of this 
communication, particularly In regard to (he section on ter¬ 
minology, 

s Formerly of the Department of Surgery, University of 
Minnesota Medical School, Minneapolis. 



Fig. 1. Arrangement of the basic echographto system. 

following material. Accordingly, the whole subject of 
examination of biological tissues by means of ultra¬ 
sonic echo returns will be referred to as “Echogra¬ 
phy corresponding with the term “electrocardiogra¬ 
phy.” Similarly, the apparatus associated with pro¬ 
duction of the records will bo referred to as an “Echo- 
graph.” It is the basic machine used for both uni- 
dimensional and two-dimensional echography. The ap¬ 
plicator units will be referred to as unidimensional 
“Echoscopes” and two-dimensional eehoseopes. The 
records obtained will be referred to as unidimensional 
“Echograms” and two-dimensional echograms. 

Unidimensional echography . To understand two- 
dimensional echography, or the moving sound beam 
method of tracing out the histological structure of 
biological tissues, it is necessary to review briefly 
unidimensional echography, or the stationary beam 
method of examination. 

The basic principle of the echograph is the driving 
of bursts of sound energy into tissues. Sound travels 
through tissues as pressure waves, so that the effects 
are entirely mechanical. If the power of the pressure 
waves and the period of application arc kept low, 
no damage results (5). In between the bursts of sound 
energy, which are generated by a piezoelectric crystal, 
or transducer, echoes returning from the tissues strike 
the same crystal, and electric charges arc generated. 
These charges are amplified greatly and are made to 
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modify a beam of electrons sweeping back and forth 
on the face of a television screen at such a rate as 
to take advantage of persistence of vision. A static 
trace is thus produced that can be observed with the 
naked eye and photographed for permanent recording. 

The echo graph. The arrangement of the components 
of the electronic system is shown in Fig. 1. An elec¬ 
tronic clock (1) times the bursts of sound energy and 
starts the trace on the face of the television screen 
(cathode-ray tube). The transmitter (2), upon receipt 
of the pulse from (1), creates the electrical impulses 
necessary to cause the piezoelectric crystal {3} to 
vibrate. The sound leaves the crystal in a narrow beam 
and penetrates the tissues. Echoes returning from the 
tissues are received hy the same crystal (3), now 
quiescent, and are amplified by unit (4) to deflect the 
trace as shown. The process is repeated often enough 
to give a stable trace that can be observed and photo¬ 
graphed. 

In practice it has been found possible to use a self- 
contained instrument, called a unidimensional edm 
scope (Fig. 2, top), which provides hydraulic coup 


© 
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I'm. 2 . Cross section of crystal chum her and tissue under 
ex Jim 3 uat ion {top) and n typical iinidimcmdunal echogram 
obtained from the arrangement (bottom), 

ling between the crystal, or transducer, and the pieces 
of tissue under examination, A column of water is 
placed between the transducer and a wetted rubber 
membrane, which seals the unit. The sound energy 
passes in a narrow beam through the water, the wetted 
rubber membrane, and the tissue, and the echoes are 
returned. The unidimensional echogram obtained is 
also shown in Fig. 2 (bottom), A x is the transmitted 
pulse sent out by unit (2) in Fig. I, which is ampli¬ 
fied hy unit (4) in the same manner as an echo, B t is 
the echo returned from the rubber-membrane-tissue 
interface 7L G x is the corresponding echo returned 
from the tissue-air interface C. In between and 
<7 t can be seen echoes arising from within the tissue. 
It should be noted that the strength (loudness) of the 
echoes is recorded vertically, and the time of occur¬ 
rence, or depth, of propagation of the echoes in the 
tissue is recorded horizontally. The part of the trace 
between A , arid B x is constant and is deleted from 
the actual presentations in order to use the available 


space on the television screen to the fullest advantage. 
(Reference to D in Fig, 7 will show a photographic 
record of the trace obtained from a piece of normal 
beef kidney cortex in the manner described here. 
X and Y correspond to B x and G 1 in Fig. 2.) 



Fic. 3. The complete cchograpblc apparatus as used in hos¬ 
pital. The unidimcnslonul echoscope can be seen clumped to 
a stand on the right, connected to the transmitter-receiver 
tin It. The cathode-ray scracn with the camera in the record¬ 
ing position is to lhe left on the table. 

A photograph of the cchograph as used in hospital 
for cancer detection studies is shown in Fig. 3. The 
u nidi mens! on a l echoscope shown in Fig, 2 can be held 
in the hand and applied to flic tissues under exami¬ 
nation. 



Fin. 4, Diagram illustrating the principle of operation of 
the two-dinienaional eehogmphic modification. The pivoted 
crystal mounted in the two-dimensional echgsrgpe (II is 
driven by the oscillating ram (2), which is connected me¬ 
chanically to (he electronic unit (3), which synchronizes the 
position of file sweep on the cathode-ray screen (4) with the 
path of tlu sound beam in the tissues. 


Clinical studies on the living, intact subject indi¬ 
cated that a two-dimensional method of presentation 
would give additional information, greatly facilitating 
the interpretation of the unidimensional echograms. 
The type of record described in Fig. 2 is, in effect, 
the equivalent of a needle biopsy in that the patli of 
the narrow beam of sound penetrating the tissues does 
not move for a given record. If a series of such uni- 
dimensional echograms could be taken in one plane 
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over an area of skin, a graph could theoretically be 
made from the echograms, and a structure such as a 
tumor could be delineated and located in depth, or 
detected in two dimensions. Practically, such a pro¬ 
cedure would he extremely difficult. Fortunately, the 
same result can be obtained automatically by applying 
the principles of echo-ranging. A pilot model was 
fabricated for attachment to the basic eehograph so 
that a rapid change-over could be effected when 
necessary. 



Fin. 5. The two-dimensional ccdiciHcope a* used in tlie ex- 
pcriniciih;. The llexlble mechanical ami electrical connections 
can he seen. 

Two-dimensional echography . A functional diagram 
of the mechanism is shown in Fig. 4. The two-dimen¬ 
sional echoscope (1) containing the crystal mounted 
on pivots can be seen. (The actual instrument is shown 
in Fig. 5.) The pivoted crystal is mounted in a water 
chamber closed by a rubber membrane. As the crystal 
is moved through an angle of 45 degrees, an area of 
skin together with the underlying tissue is swept by 
the sound beam in one plane. The movement of the 
crystal is synchronized by means of an oscillating ram 
(2) connected flexibly and mechanically to the crystal 



6. Tlie units fur tWO-dimenn tonal eehograph ie conver¬ 
sion. Grmi[wcl about I In* osclllal lug ram, which Is driven by 
:i variable speed drive, are I Ho eelmseope (toft foreground \ 
aud the plug-in electronic couvcraluii box (right). 


and electronically through unit (3) to the television 
or cathode-ray screen (4). The complete two-dimen¬ 
sional eehograph ic conversion unit is shown in Fig. 6. 4 

Experiments* To orientate two-dimensional echogra¬ 
phy with unidimensional echography, a piece of beef 
kidney cortex approximately 1 cm thick was cut. This 
specimen was laid upon the wetted rubber membrane 
of the two-dimensional echoscope at 0 (Fig. 7), in 
the same manner as in Fig. 2. It will be noted that 
the specimen was thinner in the center than at the 
end of the range of travel of the sound beam, indi¬ 
cated by the broken lines. It will also be noted that 
tlie specimen was placed upon the membrane in such 
a manner that at one extreme of travel of the crystal 
the sound beam would pass into air. The crystal was 



Fig. 7. At C> it crons section of two-cliii.it 1 ns tonal echo a cope 
set up for kidney cortex experiment. (Cf. Fig. 2, top.) At 
the unidimenslonal echogram of the membrane-air interface 
X ; at D, echoes returned from tlie kidney cortex tissue be¬ 
tween tlie rubber membrane tognai X imd the tissue-air leav¬ 
ing interface Y ; at F y the echogram D oriented vertically ; 
at G , an alternative method of presentation of echogram 1) 
Obtained by variation of intensity. The time axis Is vertical 
in both traces. Variations in the strength of echoes can be 
streii between X and Y as deflections of the baseline in trace 
F and an areas of differing in I rosily in the trace fir. At II f 
the two-dimensional echogram obtained by sweeping the unl- 
dlinenslonul echogram (f. The outline of the tissue eun lie 
seen "painted out." by the tissue-air leaving interface Y. The 
membrane signal A' cau be discerned at the bottom of the 
record. It can be seen from // that tlie kidney did not extend 
completely across the applicator. 

locked in position pointing in the direction A so that 
the sound beam passed into air after leaving the rub¬ 
ber membrane. Tlie uni dimensional echogram E was 
obtained. It will be observed that the rubber-mem¬ 
brane-air interface returned a strong echo X and that 
no echoes returned from the air beyond the rubber 
membrane in the path of the sound beam. 

Next the crystal was rotated so that the sound beam 
traveled in the direction B through the tissue, in a 
manner analogous to the arrangement shown in Fig. 
2, The crystal was locked in this position, and the 


* We wish to thank Rrveo. Incorporated, 405 Thorpe Build¬ 
ing, Minneapolis, for supplying (lie widely variable gearbox 
shown in Fig, (i. 
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unidiinensional echogram shown at D was obtained. 
Again the rubber-membrane-tissue interface returned 
a strong echo X } as did the tissue-air interface T, In 
between X and Y can be seen echoes arising from 
within the kidney substance. In the echogram D the 
time base for the returning echoes runs from left to 
right horizontally. This means that the echoes return¬ 
ing from the rubber-membrane-tissue interface X ap¬ 
pear sooner on the record than the echoes returning 
from beyond the rubber-membrane-air interface, be¬ 
cause of the delay of sound in the tissue as greater 
depth of tissue is penetrated. The strength of the re¬ 
turning echoes is shown by the vertical deflections 
from the base line. 

To facilitate understanding the next step, the uni- 
dimensional echogram D is turned 90 degrees, and the 
time base is now oriented from below up, as shown 
at F, 

The next step is to present the echoes shown on the 
unidimensional echogram F (and D) as spots of vary¬ 
ing intensity on the face of the television screen. Thus, 
the strong rubber-membrane-tissue interface echo X 
can be seen at the lower part of the unidimensional 
echogram G, and the strong tissue-air interface Y f at 
the top. In between are spots of light the brightness 
of which varies according to the strength of the echoes 
returning from the kidney tissue with the crystal 
locked in position B of Fig. 7, at C, 

The echogram shown at G was then caused to move 
in synchronism with the pivoted crystal, as shown in 
Fig. 4 (1 and 4). As the uni dimensional echogram 
G moved in its sector, lines were traced out by the 
spots of light on the cathode-ray screen, A photo¬ 
graphic plate was exposed during this process. The 
internal structure of the kidney based on echoes from 
within the kidney substance was traced out as the 
sound beam swept in and out of the tissue. 

The record shown at 71 is believed to be the first 
two-dimensional echogram of biological tissue to be 
recorded. The varying thickness of the specimen can 
be seen as the tissue-air interface Y-Y was traced out 
on the photographic film. The rubbcr-inembrane-tissue 
and the rubber-membrane-air interfaces X-X were 
also traced out. The absence of signals beyond the 
rubber membrane when the sound beam swept out 
of the tissue into air (position A) was clearly re¬ 
corded. Theoretically such a picture could he observed 
with the naked eye by moving the echogram G rapidly 
enough to obtain visual persistence on the face of the 
cathode-ray tube, but the apparatus was not suffi¬ 
ciently well developed at the time. 

A limited clinical trial of two-dimensional echogra¬ 
phy was decided upon. A patient (Case No. 782,109) 


was hospitalized for a recurrence of a tumor on the 
inside of the left thigh above the knee. The tumor, 
which had been previously diagnosed as a myobla¬ 
stoma by biopsy, could be palpated in the adductor 
muscles, but no swelling of the skin was observed over 
it. Two two-dimensional echograms obtained from this 
patient are shown collectively in Fig. 8. The echogram 
of the normal right thigh is shown to the right. The 
two-dimensional eehoscope (Fig. 5) was positioned in 
a comparable site on the left thigh in such a way that 
the sound beam swept from normal into tumor tissue. 
The two-dimensional echogram shown to the left in 
Fig. 8 was obtained. The signals X-X were believed 
to arise from the growth as the sound beam swept into 
it. These signals were almost continuous in the nega- 


******* 

% 



Flu. S. The two-dimenaioual echogram obtained from a 
patient with a tumor of the adductor muscles of the left 
thigh above the knee. The right-hand picture was taken from 
the normal right thigh. The left-hand picture was taken with 
flic nou ltd beam sweeping from normal into tumor tissue. The 
deep signals X were believed to arise from the tumor. (The 
line X-X whs almost continuous in the negative.) Had the 
machine been more powerful the tumor would probably have 
been outlined by an echo pattern within the area enclosed by 
the crosses, which were added to the record ass shown. 

tive. Had the apparatus reached a greater state of 
perfection, the tumor might have been revealed by 
echo patterns within the area enclosed by the cross¬ 
lines inserted on the record. 

Further development of the methods described for 
examination of living, intact, biological tissue in such 
a manner as to reveal structure in depth should be 
of great value in many branches of biology. The im¬ 
mediate application of echography to the detection of 
tumors in accessible sites in the living intact human 
organism is envisaged. 
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3.3 The use of ultrasonic Reflectoscope for the continuous 
recording of the movements of heart walls 


Inge Edler (1911-2001) 


Inge Edler was born on 17 March 1911, in Burlov, Malmohus County, Sweden. His 
parents were Carl and Sophia, who were teachers in the primary school in that 
vicinity. He graduated from the local high school, Hogre Allmanna Laroverket, in 
1930. Young Edler wanted to continue with university studies in physics, particu¬ 
larly micronics, but he was convinced by his sister to go for dentistry instead. As it 
was too late to enroll in the faculty of dentistry, he was able to be accepted by the 
faculty of medicine at Lund University. This was supposed to be a stopgap meas¬ 
ure. However, medicine intrigued him so that he continued his studies at the uni¬ 
versity, receiving his medical degree in 1943. 

Dr. Edler’s professional career was initiated in the field of general medical prac¬ 
tice, but was soon restricted to his employment in the Department of Internal 
Medicine at the University Hospital of Lund, and in the space of several years re¬ 
volved primarily around cardiology. He was appointed director of the Laboratory 
for Heart Catheterization at the University Hospital in 1948 and functioned in this 
capacity until 1950. At that time, he was appointed director of the Department of 
Internal Medicine and the Cardiovascular Laboratory at the University Hospital, 
Lund. He remained in this capacity until i960, assuming additional administrative 
duties in 1953 as Head of the Department of Cardiology until his retirement in 
1977. In this position he was responsible for the preoperative diagnosis of heart 
disease. At that time, cardiac catheterization and contrast X-rays of the heart 
failed to give enough data for a correct appraisal of the status of the mitral valve. 
Since a correct diagnosis is of great importance before an operation, Edler felt 
strongly the inadequacy of the existing methods. This concern caused him to look 
for a new non-invasive alternative, which he thought might resemble some kind of 
radar. 

At the same time in the early 1950s Carl Hellmuth Hertz, the son of the famed 
Nobel Laureate Gustav Hertz, was working as a graduate student at the nuclear 
physics department of the University of Lund. Because of this interest, he also 
studied ultrasound. He was acquainted with the ultrasonic reflectoscope devel¬ 
oped for non-destructive materials testing. An ultrasonic reflectoscope was bor¬ 
rowed from the Tekniska Rontgen-Centralen, a company in the nearby town of 
Malmo, which specialized in non-destructive testing. With the equipment, they 
were able to obtained well-defined echoes on the CRT screen moving synchro¬ 
nously with his heart beat. Since Hertz’s father had been the director of the 
Siemens Research Laboratory before the end of the war, they were able to contact 
director Wolfgang Gellinek of the Siemens Medical Branch in Erlangen, Germany, 
to borrow one of their Siemens reflectoscopes. Edler and Hertz received the reflec¬ 
toscope in October 1953 and set to work on it immediately. 

In 1953, the first ultrasound heart examination in the world was performed in 
Lund. Edler finally established the characteristic motion pattern for the anterior 
leaflet of the mitral valve. He compared the shape of the fast-moving echoes in pa¬ 
tients with enlarged hearts due to mitral stenosis during cardiac operations, and 
found empirically the shape correlated well with the severity of the stenosis. 

By early 1955, Edler had so much evidence of this relationship that he relied on 
ultrasound alone for the diagnosis of mitral stenosis. The typical motion patterns 




3.3 The use of ultrasonic Reflectoscope 


171 


of other heart valves, pericarditis, tumors, and thrombosis in the left atrium 
showed up in their recordings and were identified by close cooperation with Dr. 
Olle Dahlback’s heart surgery group. The advent of a barium titanate transducer 
produced by Siemens in Germany in 1958 was an important advance for the group 
and enabled them to study not only the normal mitral valve but also many other 
heart structures. 

Edler was active as a member of many societies devoted, in whole or in part, to 
the advancement of ultrasound. Among them were the American Institute of 
Ultrasound in Medicine, Deutche Gesellschaft fiir Ultraschall Diagnostik in der 
Medizin, the Swedish Society of Medical Ultrasound, the Yugoslav Association of 
Societies for Ultrasound in Medicine and Biology, the Swedish Society of 
Cardiology, and the American College of Cardiology. 

Throughout his professional career, Dr. Edler was awarded many honors. The 
Albert and Mary Lasker Foundation awarded him and Hellmuth Hertz the 
Clinical Medicine Research Prize in 1977 for pioneering the clinical application of 
ultrasound in the medical diagnosis of abnormalities of the heart. This was fol¬ 
lowed in 1983 by the Rotterdam Echocardiography Award for his outstanding and 
pioneering work applying ultrasound as a diagnostic tool in cardiology. In 
December 1984, he received the Lund Award for “scientific work of extraordinary 
significance” from the Royal Physiologic Society. In 1987, Lund University be¬ 
stowed upon him the title of Professor H.C. One year later he was again honoured 
with the Miinchener and Aachener Preis fiir Technik und angewandte 
Naturwissenschaft, and finally, in 1991, he was awarded the Eric K. Fernstroms 
Stora Nordiska Pris 

Inge Edler died on 7 March 2001, just 10 days short of his 90th birthday. 

Information and picture courtesy Lars Edler, MD. 


Carl Hellmuth Hertz (1920-1990) 


Carl Hellmuth Hertz was born in 1920 as the son of a very prominent father, and 
Nobel Prize laureate Gustav Hertz. Early in 1950 Hellmuth Hertz began research 
on ultrasound in medical examinations, thereby becoming known throughout the 
world. A Swedish physician, Inge Edler, told Hertz that he wanted to devise a non- 
invasive method for examining the heart. Echocardiography has revolutionized 
cardiovascular diagnostics. 

Since Hertz’s father had been the director of the Siemens Research Laboratory 
before the end of the war, they were able to contact director Wolfgang Gellinek of 
the Siemens Medical Branch in Erlangen, Germany, to borrow one of their 
Siemens reflectoscopes. Edler and Hertz received the reflectoscope in October 
1953 and set to work on it immediately. 

In 1977 Hertz and Edler received the American equivalent of the Nobel Prize in 
medicine, the Lasker Prize. The use of ultrasound in medical diagnostics is in¬ 
creasing sharply in a number of different fields. 

Carl Hellmuth Hertz became founding professor of the Department of 
Electrical Measurements, Lund Institute of Technology at Lund University. 
Hellmuth Hertz received several prizes, from the Westrupska Prize in 1963 for his 
work in biophysiology of plants to the Lasker Prize for medical ultrasound in 1977 
together with Inge Edler. Many other prizes and accolades followed. 

The activities in the field of ultrasound created a demand for some kind of 
printer suitable for the printing of color pictures. This brought the beginning of a 
new activity. Hertz invented ink-jet printing, a method for the electrical control of 
tiny droplets, which enabled him to put a dot of ink on a piece of paper in about 




172 


Chapter 3 Ultrasound 


one-millionth of a second. The pixel size was o.i x o.i mm with continuously vari¬ 
able color saturation in each pixel. The first steps in ink-jet printing were taken 
during the sixties. The common mingograph - a multi-channel ink-jet printer - 
designed by Elmquist and in common use at hospitals for registration of ECG 
came to serve as the basic instrument on which the first experiments were made. 
The original goal was that the ink-jet plotter would replace the conventional film 
for printout of medical images, such as X-rays, CT and ultrasound images, for use 
in the future “digital” hospital! 
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The Use of Ultrasonic Reflectoscope for the Continuous 
Recording of the Movements of Heart Walls. 

By 

I. Kdler 1 and C. H. Hertz 2 . 

Communicated by Prof. B. Edlen, March IQ, 1954. 


Introduction* 

The effectivity of the pumping action of the heart is essentially depen¬ 
dent on cyclic variations in the volume of the heart chambers and the 
function of the valves. Increased difference between the diastolic and 
systolic volume in a heart chamber implies greater amplitude in the move¬ 
ments of the walls. In patients with valvular stenosis or insufficiency the 
curve for the variation in the volume of heart chambers will deviate from 
normal (I). Therefore, methods showing the variation in the volume of the 
heart chambers or the movements of the walls of the heart during the 
cardiac cycle should be useful in the investigation of cardiac function. 
Roentgenkymography and electrokymography are methods applied in the 
investigation of changes in the outline of the heart during the cardiac cycle. 
Rushmer et aL (2) made continuous measurements of left ventricular di¬ 
mensions in intact, unanesthetized dogs. The method they used is based 
on the introduction of a variable inductance gauge in the ventricle, but 
their method can only be used in animal experiments. In recent years 
serial angiocardiography with several exposures per second has become 
an important method for the study of the variation in the volume of the 
heart chambers during systole and diastole. This method has been used 
in the clinic, among other things, for the investigation of mitral valvular 
disease, but it must be performed under anesthesia, it is time-consuming 
and by no means free of risks* 

Many other methods for registering periodic movements caused by the 
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heart are under investigation, but only one of these uses ultrasonic sound 
(3). But that method differs fundamentally from that presented here, 
since it uses continuous sound waves of 60 kc that pass through the body 
from the praecordium to the posterior of thorax. On its way, the sound 
passes the heart and other parts of the body, whereby the sound intensity 
is decreased by absorption, reflection and refraction. By measuring the 
sound intensity at the back of thorax it was found that it varied in phase 
with the heart frequency, but no relation between these intensity varia¬ 
tions and the heart volume could be shown. 

None of the methods mentioned above give the actual movements of 
the inner walls of the heart, the knowledge of which would be of im¬ 
portance both for studying the movements of the heart in the body and 
for clinical diagnosis of heart diseases* It was therefore thought that a 
technique already well known for some years in industry for the non¬ 
destructive testing of materials with respect to flaws might be used (4, 5). 


Experimental Method, 

The method, known as supersonic reflectoscope, uses short supersonic 
sound pulses, which are generated by an electrically excited quartz crystal 
and delivered to the material under investigation. This is done by pressing 
the disk-shaped quartz crystal directly against the surface of the material 
under investigation. A good acoustical contact should be secured by using 
a thin oil film between the quartz and the surface of the material. 

If there are any boundaries in the material which are impinged by the 
sound pulse and which reflect part of the sound back in a direction 
opposite to its original direction, this reflected sound pulse (echo) will 
reach the quartz crystal, which then acts as a microphone. If the velocity 
of the sound in the material under examination is known and constant, 
the time elapsed between the emission of the sound pulse and the recep¬ 
tion of the echo is a measure of the distance between the quartz crystal 
and the reflecting boundary. This time difference {or distance) can be 
read directly on a cathode-ray-tube (CRT). This CRT forms part of an 
apparatus which also contains the electrical equipment for the generation 
of the electrical signal for the excitation of the quartz crystal, etc. The 
quartz crystal is connected with this apparatus by a coaxial cable about 
3 m* long. 

On the left side of the CRT screen, the outgoing sound pulse is repre¬ 
sented by a vertical signal 0 (see Fig. 2), while each returning echo pulse 
shows up as a vertical signal to the right of this outgoing sound pulse. 
The distance between the outgoing signal and the echo signal along the 
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x-axis on the CRT screen is directly proportional to the distance between 
the crystal and the reflecting boundary* Further, the height of the echo 
signal shown on the CRT screen is a measure of the echo intensity* 

The apparatus used in the investigations described here was the Ultra- 
schall-Impulsgerat manufactured by the Siemens Reiniger Werke (Er¬ 
langen, Germany)* In this apparatus the pulse length and intensity could 
be varied, the pulse length used was usually about 2—5XlO~ 6 sec., the 
maximum pulse intensity about 2W/cm 2 . The pulse repetition rate was 
200 per second. Sound frequencies of 0*5, I, 2*5 and 5 Me could be chosen 
at will* 

In nearly all of the experiments described below a frequency of 2.5 Me 
was used* When selecting the frequency, different factors have to he 
observed, the most important of which are the sound absorption in the 
material under examination and the divergence of the sound beam due to 
diffraction. Since the absorption of the sound waves increases with in¬ 
creasing sound frequency in both tissue (6, 7, 8) and blood (9), it would 
be advantageous to use as low a frequency as possible. On the other hand, 
the necessity of sharp echoes requires both short pulse length and, to 
reduce diffraction, small wave length of the sound in tissue or blood* 
With a crystal shaped like a disk, 12 mm* in diameter, as used in these 
experiments, a frequency of 2.5 Me was usually found to be the best com¬ 
promise, except for children below 12 years, when better results were 
often obtained with 5 Me* 

The apparatus used in these experiments was equipped further with an 
electronically controlled “lens” device to enlarge and thereby facilitate 
observation of echo signals on the CRT screen along the x-axis* This 
device proved to be valuable in the investigations* Finally, a time scale 
was incorporated in the apparatus, which appeared as a broken line along 
the x-axis on the CRT screen* This scale could be adjusted so that the 
breaks in the line between the outgoing and the echo pulse on the CRT 
screen give the distance directly in centimeters between the quartz crystal 
and the reflecting boundary for a certain homogeneous medium* In this 
work the scale was adjusted in such a way that the distances between the 
quartz crystal and the reflecting boundary could be read directly in centi¬ 
meters on the CRT screen if the medium between was blood or muscle 
tissue, the velocity of sound in both being nearly the same* 


Preliminary Experiments on Isolated Hearts. 

It has been pointed out above that only sound reflecting boundaries 
can be detected by this method. Thus for the present purpose it was ne- 
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Fig. 1 . Quartz — crystal applied to isolated human heart. Crystal frequency 2,5 Me. 


cessary to check that the boundary blood-heart wall fills this condition. 
This was not to be expected for certain, since the acoustic impedances 
(10, 11) for blood and muscle tissue are nearly the same. Therefore experi¬ 
ments with isolated hearts were made before starting the investigations 
on human hearts in vivo. The most informative of these experiments is 
shown by Fig. 1. It shows a human heart from above, which is cut trans¬ 
versely. From left to right we see the left ventricle, the right ventricle 
and the right atrium. All the chambers are filled with water, and the 
quartz crystal of the supersonic reflectoscope is applied to the outer heart 
wall in such a way that the sound beam traverses the heart just under 
the water surface. The echogram seen on the CRT screen is shown in 
Fig. 2. According to the figure, many echoes arise, but the co-ordination 
of the echoes to the different heart walls cannot be seen at a glance. But 
this is evident at once if both pictures are cut in halves and put together 
at the line along which the ultrasonic beam is traversing the heart, as is 
shown by Fig. 3. Each boundary of the type water-heart tissue that is 
traversed by the sound shows up as an echo signal on the CRT screen, 
even the thin wall between the right atrium and the right ventricle. The 
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Fig, 2, Echogram obtained on the CRT screen by the arrangement shown in Fig. 1, 

0 = outgoing pulse signal. 


places at which the heart wall is curved or irregular give rise to diffuse 
echo signals, since the distance quartz crystal — reflecting boundary at 
these spots is not constant for different parts of the 12 mm, wide ultrasonic 
beam. On the other hand, the wall between the right atrium and right 
ventricle, which has been artificially stretched so as to lie precisely per¬ 
pendicular to the ultrasonic beam, gives rise to sharp echo signals. The 
complex echo signal seen at the place where the sound beam, after tra¬ 
versing the heart, strikes the outer heart wall is probably due to the 
highly convex form of the heart at this place. Naturally, the height and 
the width of the echo signals vary very much if the direction of the sound 
beam is changed. The experiments described here were done with water 
so that the shape of the heart chambers under the water surface can be 
seen on the photographs. In later experiments the heart chambers were 
filled with blood instead of water but the results obtained were exactly 
the same as those found with water. 

To check that the co-ordination between the heart walls and the echo 
signals on the CRT screen given above was correct, the following experi¬ 
ment was performed. An injection needle ca, 0,5 mm, thick was dipped 
from above into one of the heart chambers shown in Fig, 1 in such a 
way that it crossed the axis of the ultrasonic beam. This resulted in an 
additional echo signal on the CRT screen from reflection at the needle. 
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Fig, 3. (For explanation, see text). 


The lower half of the Figs* 4 a—c shows the echogram without the needle 
in one of the heart chambers* as already shown by Fig. 2, In Fig. 4 a the 
needle was placed in the right atrium and in Fig. 4 b it was placed in 
the right ventricle and in Fig* 4 c it was placed in the left ventricle* As 
can be seen from the echograms* the echo signal due to the needle 
always shows up between the echo signals from the walls of the heart 
chamber into which the needle was dipped in each case* By moving the 
needle along the axis of the ultrasonic beam from one wall to the other 
in the heart chamber* the needle echo signal could be seen moving be¬ 
tween the echo signals of the respective walls* 

In other experiments* the authors examined echograms from the right 
atrium of the isolated calf heart With the aid of a heart catheter passed 
into the atrium* the volume of the latter was varied, with a resultant 
corresponding shift of the echo signal from the medial wall of the atrium* 


Fig* 4. Needle echo signal (N) appeared on the echogram when the needle was dipped 
into the right atrium (4 a), right ventricle (4 b) and left ventricle (4 c)* 
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During the experiments it was felt that the reason for the unexpected 
large reflection coefficient encountered at the inner heart walls were due 
to the endocardium, since the removal of the latter seemed to diminish 
the reflection coefficient appreciably. This would be in agreement with 
the results obtained by J. J. Wild & J. M. Reid (12) with the supersonic 
reflectoscope on muscle tissue. As yet, no convincing evidence has been 
produced in support of this assumption. 

Short experiments showed, further, that auricular thrombosis may also 
be located by this method. This should be of interest in the diagnosis of 
such cases. Even here, more detailed experiments are required. 


Experiments on Human Beings. 

After the preliminary experiments stated above, an investigation as to 
the applicability of the supersonic reflectoscope method for the study of 
the movements of human heart walls in vivo was started. In all cases 
described below a 12 mm. disk shaped quartz crystal was directly applied 
to the praecordium. Paraffin oil was used to ensure good acoustic contact. 
The quartz crystal was brought into such a position that the sound beam 
could pass through an intercostal space and was directed into the heart 
regions under investigation, A typical echogram obtained on the CRT 
screen is shown in Fig. 5. It was taken on a patient with enlarged heart. 
The distance between the outgoing signal 0 and the echo signals along 
the x-axis on the screen is directly proportional to the distance between 
the quartz crystal and the reflecting boundaries in the heart. This is true 
with a fair degree of accuracy, even if the sound passes muscle tissue and 
blood alternately, since the sound velocities in muscle tissue and blood 
are nearly the same. Thus, the time scale incorporated in the apparatus 
was adjusted in such a way that the distance between the outgoing pulse 
signal and the echo signals could be read directly in centimetres. Each 
part of the broken line of the time scale seen in Fig. 5 represents 1 cm, 
sound path in muscle tissue or blood. 

There are two reasons for interpreting the echo signals found in this 
way as echoes resulting from reflections on inner or outer heart walls. 
The most important is that the echo signals on the CRT screen oscillate 
both along the x-axis and in their magnitude with the frequency of the 
heart under investigation. This is very convenient for the correct inter¬ 
pretation of echo signals arising on the CRT screen. Since the experiments 
on the isolated heart shown above prove that reflections can occur at the 
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Fig, 5. Echogram obtained on the CRT-screen when quartz crystal was applied to the 
praecordium o£ a patient with cardiac enlargement. 


boundary blood — heart tissue, this assumption is not contradicted. Further, 
no such echo signals can be found when the crystal is placed elsewhere 
on the thorax of a person except on the praecordium. This is due to the 
large absorption coefficient of the aerated lung tissue for high frequency 
sound. 

On account of this large absorption of high frequency sound in lung 
tissue and pronounced reflection in skeletal parts (13), the sound beam 
should be delivered in such a manner as to avoid these media as far as 
possible. It was found that, when the quartz crystal was placed against 
the skin of the praecordium and in the intercostal space and when the 
ultrasonic beam was directed against the heart, one or more echoes 
ranging from 4 cm. to 11 cm. were recorded in persons with a heart of 
normal size. The echo signals were best obtained when the crystal was 
placed in the left I: 4 and I: 3. In the investigation of apparently normal 
adults, the ultrasonic beam is directed in sagittal direction from the left 
I: 4 adjacent the sternal border, whereby the posterior echo signal was 
recorded at a distance of 9—11 cm. from the outgoing pulse signal. If the 
heart is enlarged, this posterior reflecting surface will lie at greater distance 
from the anterior wall of the chest. Table 1 shows the relationship between 
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Table 1. 



Distance in centi¬ 
meters of the echo 
signals from the 
outgoing signal. 

Distance in centi¬ 
meters from the 
anterior thoracic 
wall to the posterior 
of the heart, as 
measured on the 
roentgen film. 

Total heart volume 
in millilitres. 

E. L. 

16 

17 

2440 

A. L. 

9,7 

10,5 


B. N. 

8,8 

9,5 

510 

M L. 

12 

13 


E.B. 

11,3 

13 

1185 

G. M. 

12,2 

13,5 

1090 


the distance to the posterior wall, as measured by the echo signal, and 
the distance from the anterior thoracic wall to the posterior part of the 
heart shadow, as measured by the roentgen film at the same level, in 
persons with varying heart volume. It is in this plane which passes through 
the left sternal border that the sagittal diameter of the heart is greatest, 
for which reason the distance measured on the roentgen film corresponds 
to the plane passed by the ultrasonic beam. It is apparent from the table 
that the posterior echo signal lies within the structure of the heart and 
thus represents a partition in the heart. The difference between the 
distance to this partition and the distance to the posterior part of the heart 
shadow corresponds to the thickness of the posterior wall of the heart and 
therefore the echo signal may correspond to the inner surface of this wall. 

If the sound passes a rib, the results obtained are less accurate, and 
sometimes no reflection is obtained from the heart walls. If the crystal 
is placed against the chest outside the praecordium and where the sound 
waves will meet lung tissue as soon as the thoracic wall has been passed, 
no echo from the heart walls will be obtained. As mentioned above, this 
was expected. 

In patients with cardiac enlargement, reflections are obtained over the 
major part of the praecordium which is explained by the fact that the 
lung tissue between the wall of the chest and the heart has been pushed 
aside. On the other hand, patients with emphysema and those of pyknic 
body build have more lung tissue between the anterior wall of the chest 
and the heart, which explains that it is much more difficult to obtain 
satisfactory echo signals in such persons. 

Continuous Recording of the Echo Signals, 

Since mere visual observation of the motion of the echo signals seen 
on the CRT screen does not yield much more information than the 
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Fig, 6. Apparatus for recording UCG-curves. 


distance of the reflecting heart walls from the crystal surface, a continuous 
photographic recording of this motion was required. To this end a hori¬ 
zontal slit S (see Fig. 6) was mounted in the image plane of the camera 
objective 0, otherwise used for photographing the CRT screen, the slit 
width being 0.5 mm. Directly behind this slit, a 24 mm. Ilford HP3 film 
F was continuously moved at right angles to the slit at a rate of 1 cm/sec. 
The slit should be placed parallel to, but a little above, the image of the 
x-axis of the CRT, so that no light coming from the x-axis and the time 
scale visible on the CRT screen reaches the film. If no echo signal appears 
on the CRT screen, nothing will be marked on the film except the outgoing 
pulse signal which will be recorded as a straight line parallel to the direc¬ 
tion in which the film is moved. If a constant, non-pulsating echo signal 
appears on the screen, even this will produce a straight line on the film 
parallel to the outgoing pulse line. The distance between these two lines 
is then proportional to the distance crystal-reflecting boundary. If the echo 
signal pulsates along the x-axis (which is the case in these investigations) 
a curve will be recorded on the film. The distance of this curve to the 
outgoing pulse line will correspond at any moment to the distance crystal- 
reflecting boundary. In this way, the variations of the distance crystal- 
reflecting boundary can be recorded with respect to time. 

Because of the relatively large slit width relative to the film velocity, 
the resolving power of the present apparatus is not too good. Using higher 
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Fig. 7, Top: General view. Bottom: Enlargement of the movements of the posterior 
wall of the heart. A—B indicates the isometric contraction when the wall moves 2—3 mm, 
in dorsal direction. B—C denotes the first part of the emptying phase, maximum ejec¬ 
tion, when the wall rapidly moves in ventral direction. C—D denotes the final phase 
of emptying, reduced ejection, when the wall moves slowly in ventral direction. 


light intensities on the CRT screen, it will be possible without much 
difficulty to increase the resolving power to the same degree as is achieved 
in commercial ECG apparatus. 

Typical curves obtained in this way from heart walls are shown in Fig, 7 
to Fig, 11, Since the method uses supersonic sound to gain information 
about the function of the heart, in the following these curves will be re¬ 
ferred to as UCG (Ultrasonic Cardiogram). In the lower figures the elec¬ 
tronically controlled "lens” device mentioned above has been used. In 
these cases the movements of the echo signals are magnified about 4 times, 
whereby a more detailed study of these movements is possible. Using the 
scale given on the side of each figure, the actual size of the movements 
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Fig* 8* UCG from a normal case. Top: General view. Bottom: Enlargement of tlie 
movements of the posterior wall of the heart. 


of the heart wall under observation can be measured directly. The film 
velocity is the same both for the normal and for the enlarged recordings. 
As can be seen from the figures, the echo signal width on the CRT 
screen also varies periodically. There are two reasons for this behaviour. 
If the reflecting boundary is not a plane or is not placed exactly at right 
angles to the sound beam, the echo signal will broaden, since the distance 
crystal-reflecting boundary is different at different places on the crystal 
surface. Further, in the apparatus used in these experiments, not even an 
echo signal reflected from an ideal plane placed at right angles to the beam 
direction will show up as a thin vertical line on the CRT screen, but more 
like an isosceles triangle with a very narrow base along the x-axis, This 
base width increases with the strength of the returning echo signal. Thus 
the base width of the echo signal pulse on the CRT screen increases with 
the height of the pulse, thereby making both the base width and the 
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Fig. 9. UCG from a patient with aortic regurgitation. Top: General view. 
Bottom: Enlargement of the movements of the posterior wait of the heart. 
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height of the echo signal a measure of the strength of the reflected sound 
pulse. Thus the cause of a broad track in the UCG’s may have been that 
the reflecting boundary was curved or not situated at right angles to the 
sound beam or that the echo signal was very strong. A thin track indicates 
a sharp but faint echo. 

Since it was felt that the information about the movements of different 
parts of the heart gained by this method would be much easier to interpret 
if a simultaneous recorded and synchronized ECG were available, a syn¬ 
chronization device was applied to the UCG and ECG apparatus. After 
developing the 24 mm. UCG-film, the negative was enlarged just so much 
that the synchronization marks on the UCG film and ECG paper coin¬ 
cided. In this way a synchronization of UCG and ECG was achieved. 

Preliminary Results. 

The factors influencing the distance crystal-reflecting boundary are 
respiratory excursions of the chest and the movements of the heart. The 
influence of respiratory movements in the experiments hitherto performed 
appear to be of minor importance, so that it was not necessary for the 
patient to hold his breath during the examination. The movements of the 
heart during the cardiac cycle are complex. They are determined partly 
by the movements of the individual walls in association with the variation 
in the volume of the respective heart chambers and, second, by movements 
of the heart as a whole. The latter movements are due to changes in the 
shape of the heart during isometric contraction and relaxation. 

Figs. 7 and 8 show curves for two normal persons. The crystal was 
placed in the left I: 4 immediately lateral to the sternal border and the 
ultrasonic waves were delivered in sagittal direction. The maximum di¬ 
stance to the reflecting wall of the heart was 10.0 respectively 9.3 cm. The 
curves thus represent the dorsal part of the heart. In the enlargement of 
Fig. 7 the various phases of the movements occurring during the cardiac 
cycle are marked. 

Fig. 9 shows the curve tor uie posterior wall of the left ventricle in-a 
patient with aortic regurgitation and hypertrophy of the left ventricle. 
The curve deviates from normal by showing much greater amplitude 
during ejection systole and a much more abrupt return in dorsal direction 
during the beginning of diastole. This latter movement coincides in time 
with the rapid regurgitation in the beginning of diastole in advanced 
aortic insufficiency (1). 

UCG’s taken from the left 1:3 about 3—5 cm. lateral to the sternal 
border over the region of the left atrium showed very rapid movements 
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Fig; 10. UCG-curve showing the movements of left auricular wall in a case of mitral 
stenosis. Top: The curve shows a reflecting surface about almost 6 cm. from the anterior 
thoracic wall in the beginning of diastole. Bottom: Enlargement of the reflecting sur¬ 
face. From the beginning of ventricular diastole* when the atrio-ventricular valves open, 
the reflecting surface moves 6—7 mm. in dorsal direction. Immediately after the be¬ 
ginning of the F-wave in the electrocardiogram the sound reflecting surface makes 
a rapid movement in dorsal direction. This movement has an amplitud of about 2 cm. 

During ventricular systole the wall returns to its original position. 


at a depht of 5—7 cm. in some cases. In normals such movements were 
recorded only as fragmentary curves. AH of them, however, showed a 
rapid movement of about I cm. in dorsal direction at the time of atrial 
systole, for which reason the relationship with atrial activity is obvious. 
For this reason, these sequences were studied in some patients with mitral 
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Fig, XI* UCG-curve showing the movements of left auricular wall in a case of mitral 
stenosis with auricular fibrillation* As in fig* 10, there is a gradual movement in dorsal 
direction after opening of the atrio-ventricular valves. A rapid movement is recorded 
at the time of the isometric contraction of the ventricle* At the time of the isometric 
relaxation of the ventricle, the reflecting surface returned in ventral direction* 


valvular disease and enlarged left atrium* Better curves then were obtained 
from the left I: 3* Fig* 10 shows a curve for a patient with pure mitral 
stenosis* Valvulotomy had been done before and post-operatively there 
were no signs of mitral regurgitation* The curve lies at a depth corre¬ 
sponding to the position of the anterior wall of the left atrium, and shows 
at the time of the atrial systole a rapid movement in dorsal direction* 
In cases of mitral stenosis with auricular fibrillation, in which effective 
mechanical contraction of the atrium is absent, this movement is missing 
(Fig* 11)* In both cases, the wall during the first part of ventricular diastole 
is gradually displaced in dorsal direction* Fig. 11 shows a retraction of 
the wall during ventricular systole, which corresponds to the systolic 
collapse seen in pressure curves from the left atrium and which is due 
to the pull exerted by ventricular contraction* 
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The echosignals obtained from left I: 3 over the region of the auricle 
correspond thus in position to the anterior wall of the left atrium. The 
movements of the echosignals correspond to the variation in the volume 
of the left atrium and to the contractions and displacements caused by 
the ventricular activity. 


Summary, 

1) It has been shown that it is possible to locate blood-heart wall 
boundaries by the supersonic reflectoscope method using frequencies of 
about 2.5 Me. 

2) The method was applied for the locating of heart walls on living 
human beings and continuous registration of movements of the heart walls 
was found possible. 

3) Recordings are shown of the movements of the left ventricle wall 
in the normal and in the diseased heart. Further, movements of the left 
atrial wall in mitral stenosis were recorded. 


The authors wish to express their sincere gratitude to Professor H. Malm- 
ros and Professor S. v, Friesen for invaluable support and interest in the 
study. Further thanks are due to Siemens Reiniger Werke, Germany, for 
placing the apparatus at our disposition. 
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3.4 The ultrasonic visualization of soft tissue structures 
in the human body 


Joseph H. Holmes ( 1902 - 1982 ) 

Joseph Holmes was born in Champaign, Illinois in 1902 . After graduating from 
Amherst College with an BA in 1930 , Holmes completed his MD degree at the Case 
Western Reserve University in Cleveland, Ohio, in 1934 . He finished his internship 
at Emory University in 1934 - 1935 . From Emory, Holmes went to the University of 
Maryland School of Medicine for his residency in internal medicine, which he 
completed in 1937 . Holmes did graduate work at Columbia University in the 
Department of Physiology from 1937 - 1941 . In 1941 he received his Doctorate of 
Medical Science degree. Holmes served in the army from 1943 - 1947 , and worked as 
an instructor in the School of Aviational Medicine. He continued as an assistant 
professor in physiology at Columbia and from 1947 he began his long career at the 
University of Colorado. 

Being a nephrologist, his initial interest in ultrasound was its ability to detect 
bubbles in hemodialysis tubings and improve solute transfer across the cello¬ 
phane dialyzing membrane. Holmes began work in ultrasound at the University of 
Colorado Medical Center in 1950 , in collaboration with the group headed by 
Douglass Howry. Holmes served as a liaison between Howry and the institutional 
backing that was needed badly if the project was to gain financial support and 
proceed further. Holmes functioned as a general administrator and financial plan¬ 
ner during those early years. Through Holmes’ help, laboratory space for the ultra¬ 
sound project was found at the Denver Veterans Administration Hospital and a 
grant was obtained from the Veterans Administration. Under these somewhat 
more secure conditions the Howry team constructed the most successful to date 
of their “home-built” scanners, which incorporated the best of their transducer, 
amplification, and display systems. 

The pan scanner fabricated by the Holmes, Howry, Posakony and Cushman 
team in 1957 was a real breakthrough and landmark invention in the history of B- 
mode ultrasonography. The team’s achievement in visualising body tissues by ul¬ 
trasound was commended by the American Medical Association in 1958 at their 
Scientific Meeting at San Francisco, and the team’s exhibit was awarded a 
Certificate of Merit by the Association. 

Holmes was also involved with the building of the first artificial kidney ma¬ 
chine in the Rocky Mountain region in 1953 , and he made hemodialysis treatment 
available to patients on an out-patient basis. He also studied the health hazards of 
anticholinesterase chemicals of the United States army at the Rocky Mountain 
Arsenal and made such information available to the medical community at large 
and the public. Holmes together with Howry and Wright and Claude Joyner and 
John Reid from the University of Pennsylvania constructed the first echocardio- 
graph in the United States in i 960 . The first commercial m-mode echocardio- 
graph was manufactured by SmithKline in 1964 . 

In 1951 Holmes was named Professor of Medicine at the University of Colorado, 
and received a joint appointment as Professor of Radiology in 1970 . Holmes 
served as President of the American Institute of Ultrasound in Medicine (AIUM) 
from 1968 - 1970 . During Holmes’ presidency, the AIUM expanded membership 
and increased meeting attendance. The William J. Fry Memorial Lectureship be¬ 
gan at the Winnipeg meeting ( 1969 ). He was also founding editor of the Journal of 




194 


Chapter 3 Ultrasound 


Clinical Ultrasound in 1973. Joseph Holmes and Ian Donald became good friends 
across the Atlantic, and Ian Donald and John Flemming were invited to speak on 
their experiences at the International congress at Pittsburg hosted by Holmes in 
1963. Donald spoke about Holmes in a speech he gave in 1967 to the World 
Federation for Ultrasound in Medicine and Biology (WFUMB ):7 think Joe Holmes 
has done more than anyone to pull us all together from our several pathways'. At 
his death in 1982, the AIUM renamed the Pioneer Award in his honor, the Joseph 
H. Holmes Pioneer Award. 

Joseph Holmes retired in 1977 but continued as Professor Emeritus of Medicine 
and Radiology at the University of Colorado. He spend his last years writing and 
editing publications in the field of ultrasound. He passed away on 5 April 1982. 

In part excerpted with permission from the webside www.ob-ultrasound.net by 
Joseph Woo, MD, Hong Kong. Picture courtesy Joseph Woo, MD. 


Douglass H. Howry (1920-1969) 


Dr. Douglass Howry was born in 1920. He received his medical degree from the 
University of Colorado Medical School in 1947. In 1948 he looked into the possibil¬ 
ity of applying ultrasound in the production of diagnostically valuable images. 
Working at first in his own basement, Howry began investigating the notion that 
ultrasound beams directed into the body would be reflected from tissue inter¬ 
faces. 

Howry employed frequencies of around 2.5 MHz, characteristic of industrial 
flaw detection equipment. He was chiefly interested in achieving accurate anatom¬ 
ical pictures of soft-tissue structures, rather than the A-mode spikes reported by 
John Wild at the University of Minnesota, Minneapolis, and was committed to im¬ 
proving the imaging quality at these frequencies. Working in collaboration with 
his wife, Dr. Dorothy Howry and two engineers, Roderick Bliss and Gerald 
Posakony, Howry produced in his basement in 1949 a pulsed-echo ultrasonic scan¬ 
ner. The equipment was constructed from spare parts that were then adapted and 
integrated to produce a functioning imaging system: electronic parts from radio¬ 
surplus stores, a Heathkit oscilloscope, and surplus Air Force radar equipment. A 
second incarnation successfully recorded echoes from tissue interfaces, and in 
1950, using a 35-mm camera, Howry recorded his first cross-sectional pictures ob¬ 
tained with ultrasound. 

During 1951, Dr. Joseph Holmes became associated with Howry’s project. 
Holmes served as a liaison between Howry and the institutional support needed 
so badly if the project was to gain financial support and proceed further. Holmes 
functioned as a general administrator and financial planner during those early 
years. Through Holmes’ help, laboratory space for the ultrasound project was 
found at the Denver Veterans Administration Hospital and a grant was obtained 
from the Veterans Administration. Under these somewhat more secure conditions 
the Howry team constructed the most successful to date of their “home-built” 
scanners, which incorporated the best of their transducer, amplification, and dis¬ 
play systems. 

By 1951 Howry, Posakony and Bliss had introduced multiposition, or com¬ 
pound, scanning to eliminate “false” echoes and produce better images. This in¬ 
carnation incorporated an immersion tank system using a cattle-watering tank 
with the ultrasonic transducer mounted on a wooden rail. The transducer, im¬ 
mersed in the tank with the object under study, moved horizontally along the rail. 
When this equipment produced improved pictures, the Howry team published for 
the first time in 1952. A later version, introduced in 1954, included a transducer 
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mounted on the rotating ring gear from a B-29 gun turret, which in turn was 
mounted around the rim of a large metal cup that served as the immersion tank. 
This permitted complete horizontal circling of the periphery of the tank, while a 
second motor produced back-and-forth motion as the transducer moved around 
the tank, resulting in compound scanning of the immersed subject. The resulting 
image was called a “somagram”. The innovative apparatus was reported in the 
medicine section of LIFE Magazine in 1954. 

A final incarnation, the pan scanner, was developed at the University of 
Colorado Medical Center in the late 1950s under a Public Health Service Grant. 
This scanner, in which a transducer carriage rotated on a semi-circular water- 
filled pan that was strapped to the patient’s body, was developed specifically to 
eliminate the need for total immersion of ill patients. The achievement was com¬ 
mended by the American Medical Association in 1958 at their Scientific Meeting at 
San Francisco, and the team’s exhibit was awarded a Certificate of Merit by the 
Association. 

Howry’s team recognized the problems inherent in the water-bath coupling 
system; furthermore, by this time several other investigators, including Wild and 
Reid and Ian Donald’s group in Glasgow, had published on their work with direct 
contact scanners. Howry met Donald for the first time in i960 at an exhibition in 
London of Donald and Brown’s new contact scanners. After he returned to the 
United States, Howry’s group produced a device similar to that of Donald’s, but 
which had quickly evolved into the multi-joint articulated arm (elephant-trunk) 
scanner. 

Douglass Howry subsequently moved to Boston in 1962 where he worked at the 
Massachussetts General Hospital. He passed away in 1969. The work of Howry and 
his team is considered to be the most important pioneering work in B-mode ultra¬ 
sound imaging and contact scanning in the United States, the direct precursor of 
the kind of ultrasound imaging we have today. 

Excerpted with permission from the website www.ob-ultrasound.net by Joseph 
Woo, MD, Hong Kong. Picture courtesy Joseph Woo, MD. 


Gerald J. Posakony 

Gerald J. Posakony received a BSEE degree in electrical engineering from Iowa 
State University in Ames, Iowa. After working several years as an engineer for 
Decimeter, Inc., which was a small electronics firm in Denver, CO, and as a field 
engineer for Motorola, Inc., he joined the faculty of the University of Colorado 
Medical Center as a research engineer. There he conducted pioneering research in 
medical diagnostic ultrasound with Douglas Howry, William Roderick Bliss and 
Richard Cushman at the University of Colorado, and produced the first B-mode 
scanner in the United States. 

Posakony left the university to join Automation Industries, Inc., advancing to 
Vice President and General Manager of the Research Division in Boulder, 
Colorado. In this capacity, he was responsible for the developmental research, in¬ 
strument design, technical procedures and manufacture of systems for nonde¬ 
structive evaluation (NDE) technology in ultrasonic, eddy current, infrared and 
magnetic methods. 

Posakony acted in the capacity of consultant in later developments of the 
Denver group. In 1973, he joined the Pacific Northwest National Laboratory 
(PNNL), one of nine U.S. Department of Energy multiprogram national laborato¬ 
ries, as manager of the NDE Section. This section was responsible for the design, 
development and deployment of advanced NDE technology. He became manager 
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of the Automation and Measurement Sciences Department in 1986. The depart¬ 
ment staff included physicists, computer scientists, electrical and mechanical en¬ 
gineers, and technicians engaged in design, development and deployment of “first 
of a kind” inspection and measurement systems. In 1989, he became Deputy 
Manager of the Applied Physics Center with managerial responsibility for staff in 
the Automation and Measurement Science, Computational Science and Energy 
Science Departments of the Center. 

While officially retired from PNNL, he remains on staff as an hourly profes¬ 
sional to continue research, development and deployment of NDE Technology. 
Posakony has spent more than 35 years in the design, development and deploy¬ 
ment of flrst-of-a-kind NDE inspection and measurement systems. He has contin¬ 
ued personal research in ultrasonic transducers, inspection technology and ultra¬ 
sonic wave propagation as well as other activities in the field of NDE. 

Posakony personally holds more than 12 important patents in the field of ultra¬ 
sonics and is author of more than 60 technical articles and publications. He is 
Associate Editor of Research in Non-destructive Evaluation (Springer), and 
Journal for Non-destructive Evaluation (Plenum). 

During his career he has received the following honours, awards and profes¬ 
sional affiliations: Fellow, American Institute for Ultrasonics in Medicine 1980; 
William Fry Memorial Lecture Award, AIUM 1981; AIUM, Pioneer Award 1988; 
Fellow, American Society for Nondestructive Testing (ASNT)i974; ASNT Lester 
Honor Lecture Award 1976; ASNT Gold Medal Award 1985; Fellow, American 
Society for Testing Materials (ASTM) 1990; ASTM, Award of Merit 1990; ASTM, 25 
Year Recognition 1998; Member, American Society of Metals (ASM); Registered 
Professional Engineer (PE) (Quality Engineering); ASNT Level III Certification - 
ULTRASONICS - (MB-703); and National Research Council, NMAB Committees, 
1969, 1977 ,1983. 

In part excerpted with permission from the webside www.ob-ultrasound.net by 
Joseph Woo, MD, Hong Kong. Picture courtesy Joseph Woo, MD. 


C.R. Cushman 
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THE ULTRASONIC VISUALIZATION OF 
SOFT TISSUE STRUCTURES IN THE HUMAN BODY 

By JOSEPH H. HOLMES.M.D., 
and (by invitation ) DOUGLASS H. HOWRY, M.D., 

GERALD J. POSAKONY and C. RICHARD CUSHMAN 


DENVER, COLORADO 


I think most of you are aware of the fact that ultrasonic 
techniques are currently being used in three principal areas 
in medicine; namely, for its destructive action in the central 
nervous system and in therapy of tumors, 1 in physical medicine 
especially for the treatment of arthritis, 1 and in diagnostic 
visualiazation of body structures, particularly those soft tissue 
structures where current diagnostic techniques are not of 
optimum value. This paper will be limited to a discussion of 
the diagnostic use of ultrasonic techniques. Our particular 
equipment works with power, only a fraction of that used for 
therapy and much less than that used in the field of physical 
medicine. For this reason the problem of damage to tissues 
has not been encountered in our work. The observers working 
with this equipment and the test animals used in this work 
have shown no evidence of any tissue damage. Usually in¬ 
tense pain precedes induction of tissue damage with ultrasonic 
waves. There has been no pain or other evidence of tissue 
damage in the use of our techniques. 

Several other groups have worked on this general pro- 
blem 1 * 2 - 3 * J,5> but we will limit the present discussion to our 
own experience .®' 7 Perhaps a series of questions and their 
answers will best explain what we are trying to accomplish 
with this method. 

Supported in part by a grant from the Veterans Administration and in 
part by a Grant No. C-2423 NSS from the U. S. Public Health Service- 
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Fig. 1. The middle picture shows a pathological specimen of a breast with 
scirrhous carcinoma. 

The upper picture shows metastatic lymph nodes from the same 
specimen. 

The lower picture shows a non-carcinomatous area of the same 
breast. The corresponding somagrams for each specimen are 
shown. It will be noted that the areas of carcinoma show up as 
white patches inside the general outline of the breast. 
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What does ultrasonics technique offer that cannot be ob¬ 
tained with current diagnostic methods? Figure 1 (middle 
picture) shows a pathological specimen of a breast with scir¬ 
rhous carcinoma which was not palpable prior to surgery. The 
somagram, or picture, taken with our equipment is shown 
beside it. There is the outline of the skin surface of the 
specimen, and then a series of contrasting areas are shown at 
the level where the carcinoma was identified by the patho¬ 
logical sections. The remainder of the breast tissue casts no 
particular shadow. In an area where there is no carcinoma, 
as shown in the lower picture (Figure 1), no shadows are noted 
on the somagram. In the upper specimen containing the 
metastatic lymph nodes, definite shadows appear in an area 
corresponding to the site of the lymph nodes containing the 
carcinomatous lesion. Thus, it can be seen that areas of 
different tissue density such as carcinoma will show up on the 
somagram. 

How is this visualization accomplished? Figure 2, in the 
lower part, shows a pathological specimen of a kidney cyst. 
The upper part of this figure shows how the somagram of this 
kidney cyst appeared on the somascope screen. There is the 
large outline of the cyst wall and then the homogenous area 
inside the cyst wall which corresponds to the clear cyst fluid 
found when the specimen was sectioned. The outline of the 
kidney is seen adjacent to the cyst, and some of the structures 
inside the kidney, especially the central portion are visualized. 

The general method by which visualization is accomplished 
closely parallels the echo ranging techniques which are used in 
sonar and radar. In essence, we are using the electronic 
techniques of radar as applied to the field of ultrasonics. 

A trigger generator (timing mechanism) causes the pulse 
generator to develop a simple square wave pulse of approxi¬ 
mately 0.25 microseconds duration, which is controllable from 
zero to 3000 volts amplitude. This pulse is passed to an 
ultrasonic crystal which is mounted in a waterproof housing 
and which under the influence of the pulse voltage, is caused 
to expand and contract violently for a short period of time, 
thus producing a mechanical wave. By using ultrasonic 



200 


Chapter 3 Ultrasound 


ULTRASONIC VISUALIZATION 211 



DIAGRAM OF SOMASCOPE SCANNING 
TISSUE SPECIMEN 



Fic. 2, Shows the major units of the somascope and the manner in which 
the kidney cyst depicted in the lower part of the diagram appears 
on the somascope screen. 
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lenses, the mechanical wave is confined to a beam of narrow 
dimensions, which has a cross section considerably less than 
that of the driver crystal. The ultrasonic beam or burst of 
energy travels through liquid until it strikes some disconti¬ 
nuity, such as the object to be examined. At the surface of this 
object a small portion of the sound pulse is reflected back 
through the liquid until it again strikes the crystal. The 
crystal driver is so designed that after transmitting the pulse 
it reaches a quiescent state before the echoes return to it, 
thus allowing the crystal to become a receiver. The mechani¬ 
cal echo is transformed into an electrical signal by the crystal. 
This signal is then amplified by the receiver amplifier, and 
presented as a single spot on the cathod ray oscilloscope. 
Each discontinuity of structural change within the object sim¬ 
ilarly produces an echo which becomes a single spot on the 
oscilloscope. Thus, as the beam of energy penetrates the 
object, a line of spots representing reflective surfaces is formed 
on the oscilloscope, the distance between these spots cor¬ 
responding to the distance between sound reflecting surfaces 
in the object studied. As soon as the echoes have all returned 
from the initial ultrasonic pulse, a new pulse is generated which 
travels in a slightly different path, because of a mechanical 
shift in position of the sound generator. The new pulse thus 
passes adjacent to the path of the previous pulse. According¬ 
ly, a new line of spots is produced on the cathode ray oscillo¬ 
scope adjacent to the old line. Thousands of pulses or bursts 
of energy are formed in this same manner every second, each 
passing in a slightly different direction through the object being 
studies. Thus the beam is swept mechanically back and forth 
across the object by the mechanical sweep and synchro¬ 
nizer while single pulses draw lines of spots on the screen. 
Due to the rapidity of this operation it is possible to form a 
visually continuous picture on the oscilloscope screen in a man¬ 
ner which is very similar to that employed in television. It 
should be noted that by this operation the somascope produces 
only a cross sectional picture, much as would be produced if 
the specimen were sectioned with a knife and the resultant 
slice seen from above. 
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Fig. 3. A picture of the somascope in its present form. 


Ultrasonic mechanical waves in the megacycle region will 
not pass through air without prohibitive losses; therefore, the 
subject or specimen to be examined must be either submerged 
in a liquid media or be in direct contact with some solid ma¬ 
terial through which the sound can travel. In our work, the 
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anatomical structure being studied is submerged in a water- 
filled tank. 

The somascope is in the physical form shown in Figure 3. 
The power supplies, pulse generator, amplifiers, synchronizing 
systems, and oscilloscope are housed in the large steel cabinet. 
The mechanical scanning system and sound generator are 
mounted on the large tub. The patient is placed in the tub 
which is filled with warm water and the sound head is moved 
into position for study. The somagrams or sound pictures 
appear on the white square (face of the oscilloscope) seen in the 
upper portion of the steel cabinet. The picture formed may 
be interpreted directly by the observer as in the case of a 
fluoroscopic examination, or for permanent recording photo¬ 
graphed with a standard camera. All somagrams are studied 
carefully on the screen frequently from di fiferent angles before 
the final picture is taken, thus, it is possible for the observer 
to identify structures which might seem difficult to identify in 
the pictures being presented to you. 

How well can this equipment differentiate between struc¬ 
tures of different density which are closely approximated? 
Figure 4 shows a cross section of the neck of a normal person 
taken at the level of the fifth cervical vertebra. The general 
surface of the neck can be seen and within this one can locate 
the skin, trachea, carotid artery, jugular vein, and most of the 
muscles by their surrounding fascia. The neck represents one 
of the most difficult areas in the body to study since the 
structures are closely approximated and hence somewhat 
difficult to separate and identify. This identification is easier 
when the structure is moving as in the case of an artery. In 
the lower part of the figure can be seen the wave motion of 
an artery, and the A, C and V waves of one of the deep veins. 
The first pictures show the reflected wave motion to the skin 
over the carotid artery. If one were to adopt to our equip¬ 
ment the “moving target” technique of radar which has been 
well worked out for spotting of planes or determining the 
speed of a car on the highway, then one might study in greater 
detail the wave motion of the heart and great vessels. Thus, 
it might be possible in the future to determine the size of the 
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Fig* 4* Shows a cross section of the neck of a normal person taken at the 
level of the 5th cervical vertebra. 

In the lower left hand corner can be seen the somagram of the wave 
motions of the skin over the carotid artery of the carotid artery, 
and of one of the deep cervical veins. 
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ventricle in various phases of contraction, size of the large 
vessels at different time phases of the cardiac cycle and any 
abnormalities in the contractile phase such as might be present 
with defects of the vessel walls. 

What diagnostic use can be made of the displacement of 
anatomical structures? A tumor may be detected not only 
by the fact that it abnormally reflects sound waves, but also 
by the fact that it may displace adjacent structures. When a 
somagram was taken of the neck of a patient with benign 
colloid goiter, the gland was quite homogenous so echoes were 
produced principally at its surface, and only the outline of the 
enlarged gland could be seen. If there had been adenomas or 
cystic degeneration, then these areas might well have shown on 
the somagram. 

How well does a non-metal lie foreign body show with this 
technique? This instrument can readily detect the presence 
of foreign bodies, such as plastic or rubber. When small rods 
of metal, plastic, rubber and wood were embedded in a piece 
of liver, the somascope readily detected all four objects; 
whereas, the x-ray showed clearly only the metal rod. 

What picture do fluids present on the somagram? From 
preliminary studies it would appear that the somascope could 
differentiate between clear and cloudy fluids in the body. 
When a thin walled rubber condom was filled with clear fluid 
the somagram showed only the outline of the condom. The 
fluid within was clear, or homogenous, and cast no shadow on 
the screen. When talc was introduced into the fluid, then the 
sound waves were reflected by the talc particles and the 
previous hemogenous appearance of the fluid had changed to 
approximate the appearance of a 'snow storm". 

What other areas in the body can be visualized by this 
teenhique? The liver and spleen are good subjects for partial 
examination by our current equipment. Figure 5 (first 
picture) shows a somagram of the abdomen of a normal person. 
The outline of the right half of the rectus muscle and other 
layers of the abdominal wall are easily identified. The 
bowel peristalsis and the progress of food through segments 
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Fig. 5. Shows a series of somagrams taken over the liver area of the abdomen. 

The first is of a normal individual as food is passing down the 
intestinal tract. The second is of a patient with moderately ad¬ 
vanced cirrhosis with hepatomegaly. The third is of a patient 
with far advanced cirrhosis where one can note the ‘snow storm * 
like appearance of the liver. The fourth is of a patient with diffuse 
miliary melanoma of the liver. The fifth is a thorium dioxide 
radiograph of a patient with nodular metastases in the liver. 
The sixth picture is the corresponding somagram of the same 
patient. 
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of the small bowel could be followed on the somascope screen 
much as the barium is followed in the fluoroscopic examination 
by x-ray. The adjacent somagram in Figure 5 is that of a 
patient with moderately advanced cirrhosis and hepatomegaly. 
The patient had a marked accumulation of ascitic fluid at the 
time of examination. The somagram shows a thin anterior 
abdominal wall which correlated with the thin atrophic 
abdominal wall seen on physical examination. Immediately 
below this is seen a dark clear strip which probably represents 
an accumulation of ascitic fluid between the abdominal wall and 
the anterior liver surface. This dark strip was not present 
after the ascitic fluid had been removed. Both lobes of the 
liver are partially outlined and the anterior and posterior 
surfaces are seen. Few echo signals are returned from within 
the liver, thus suggesting that it is relatively homogenous at 
all levels. 

The next somagram was taken from a patient with far 
advanced cirrhosis. The abdominal wall and both surfaces 
of the liver can be seen. Within the liver outline there is a 
"snowstorm like" appearance which was obtained at all the 
power levels considered to be reasonable. Autopsy examina¬ 
tion of this patient was done three weeks after this study. 
Gross examination of the pathological specimen showed a 
typical "hobnail" liver, which on cross-sectioning showed 
miliary foci of dense fibrous tissue and areas of hepatic necrosis. 
Comparison of this with the previous figure suggests that this 
might be of diagnostic value in determining the degree of 
involvement of the cirrhotic process. 

A somewhat similar picture to that of the above patient was 
obtained from a young man who had had a malignant melanoma 
removed from the back of the neck eighteen months prior to 
examination. At the time of examination he had cutaneous 
metastases and a marked hepatic enlargement which sug¬ 
gested liver metastases. The somagram in Figure 5 show r s the 
same “snowstorm like" appearance which was seen in the 
previous case. No discreet areas of tumor metastases can be 
seen. One month later at autopsy, the cut liver surface pre¬ 
sented a dense, black, stippled appearance dg to diffuse miiary 
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metastatic malignant melanoma. There were no discrete 
areas of metastatic nodules. 

The next patient studied had a carcinoma of the thyroid 
which had been proved by surgery and radio-iodine uptake 
studies. In the thorium dioxide radiograph (5th picture, 
Figure 5-) the liver was found to be markedly enlarged and 
showed definite nodular metastases. In the somagram 
powerful echoes were obtained of a more localized nature than 
was obtained in any of the previous liver examinations. 
On the somascope screen many of these areas had the appear¬ 
ance of being roughly circular in shape and seemed to cor¬ 
respond to the radiographic findings. This is shown in the 
6th picture, Figure 5. 

What are some of the problems which must be solved before 
this instrument will be clinically useful in the average phy¬ 
sicians' hands? k should be remembered that all pictures 
presented represent cross-sections of the anatomical areas 
studied. Most physicians are accustomed to seeing anatomical 
structures in three dimensions and are not familiar with the 
cross-sectional presentation. In studying a tumor of moderate 
size, it may be necessary to make as many as 48 cross sectional 
pictures before the exact size and outline of the tumor can be 
shown. Recently we have developed a 3 dimensional tech¬ 
nique which will also permit stereoscopic viewing of the tissues 
studied. This is accomplished .electronically so that sequential 
cross sectional pictures are partially superimposed to achieve a 
three dimensional form. The projection of view can be changed 
electronically from 0 to 90°. In the upper pictures, Figure 6, 
we utilized as a test object, a small box made of wire which 
contains a small wire in the center running from one edge at the 
top to the opposite edge at the bottom of the box. When 
two views are separated by about 10 degrees then it is possible 
to view the object stereoscopical!y. The lower part of the 
figure shows the results of this technique as applied to visualiza¬ 
tion of the normal forearm. One can note the 3 dimensional 
projection of the skin surface and some of the fascial structures. 

Another current problem is the inability to visualize struc¬ 
tures immediately behind a strong reflecting surface, particular- 
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Fig. 6. Shows projection at several different angles of a small wire box. 
The lower picture represents a three dimensional view of a section 
of the forearm of a normal person. 


ly dense tissues such as bone. This problem was solved in the 
somagram of the neck (Fig. 4) by obtaining a combination of 
four pictures with the scanning device placed in four different 
quadrants. Had the scanning head been placed only in one 
position, then the anatomical structures lying behind the 
vertebrae and trachea would not have been visualized. This 
problem is currently being solved by devising a scanning system 
which will move all the way around the test object, thus making 
it possible for example to visualize the entire neck in a single 
picture. 

One of our most important problems at present is the 
improvement of definition. Currently, we have a definition 
of approximately 16 lines per inch. We would be able to 
obtain ideal definition if we could obtain definition up to 
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approximately 32 lines per inch. Various types of picture 
artifacts have proved troublesome in this work and have been 
partially eliminated. By constructing a gain compensator 
we have corrected for the absorption of sound in tissue in such a 
way that objects on the surface of the body appear on the 
screen as of the same size and density as those deep within the 
structures. Sound waves traveling circuitous pathways are 
eliminated by altering the time of pulsing of the crystal so that 
only those waves directly reflected by a structure are recorded 
on the screen^continuously. 

What areas cannot be studied by this equipment at the 
present time. ? Many body areas have not yet been explored. 
With the present equipment it is still not feasible to study an 
organ such as the pancreas because of the many structures 
overlying it. The skull presents a quite difficult problem 
since the ultrasonic wave cannot readily penetrate the bone 
without an extreme loss of amplitude. Dr. Ballentine and Dr. 
Hueter have been studying the ultrasonic visualization of the 
brain structures using a different approach, but have not yet 
found a solution to this particular aspect of the problem. 8 

What might such equipment promise to do for medicine in a 
diagnostic manner in the future? Certainly one can speculate 
about the use of this equipment in many different fields, 
and those of you with special interests will think of something 
which has not yet come to our mind. One might well be able 
to visualize the interior structures of the heart and to define 
such anatomical entities as the size of the ventricular wall, 
the valve structure, papillary muscles, the septum, etc. 
One can certainly locate non-metalic foreign bodies which are 
not readily apparent by external examination. One might well 
define the limits of an area of injury in the deep soft tissue 
structures which followed trauma. Certainly one would hope 
to define accurately such structures as the kidney, pancreas, 
liver and spleen. These represent structures where current 
diagnostic methods are limited. Fat is a good reflector of 
sound waves, and fortunately many of these organs are sur¬ 
rounded by a layer of fat which makes it much easier to define 
their general structure by the somascope. The ability to define 
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the extent of a metastatic lesion might prove of great value 
to the surgeon, especially if we could also define structures 
such as nerve and artery which enter the tumor tissue. 

When will such an instrument be available for clinical use, 
and what will it look like? You may well have gathered from 
the previous discussion that we are devoting all our efforts 
to improve the equipment, especially its definition and ability 
to penetrate to deeper structures. Another essential improve¬ 
ment is some method which will obviate the use of a tub of 
water since this presents many problems in the examination of 
sick patients. It should be possible to pass the sound waves 
into the tissues by means of a probe consisting of a fluid-filled, 
thin walled rubber bag located between crystal and skin. 4 - 5 
It will be necessary by clinical experience to define the limita¬ 
tions and abilities of this particular instrument. For ex¬ 
ample, no attempt has been made at present to use contrast 
media, but one might well expect that an injection of .9 
per cent saline would serve as a simple contrast medium, 
could readily be absorbed by the tissues after examination, 
and would not present the hazards of the present radio- 
opague materials necessary for x-ray examination. The 
completed unit would probably be about the size of a large 
television set and its operation no more difficult than the usual 
x-ray equipment. The cost of such equipment would certainly 
be a guess at this time, but several manufacturers have sug¬ 
gested that it would run somewhere in the neighborhood of 
$10,000.00 to $15,000.00. A new unit which was recently 
constructed for our own work cost in the neighborhood of 
$18,000 .00.* 


SUMMARY 

We have described the operation of new diagnostic equip¬ 
ment which we have called the somascope and which utilizes 
the principals of sonar and radar to visualize soft tissue struc¬ 
tures in the body. The pictures are presented on an oscil- 


* Partially constructed by Denver Research Institute, University of 
Denver. 
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loscope screen, and their presentation can be watched much 
as on a fluoroscopic examination, or photographs can be made 
with an ordinary camera for permanent preservation of re¬ 
cords. Examples of the visualization of such pathological 
lesions as breast cancer, kidney cyst and cirrhosis or meta¬ 
static malignancy of the liver have been presented. The 
ability of this instrument to visualize small and closely ap¬ 
proximated structures such as nerve, artery and vein have 
been shown in a somagram of the neck. The future of this 
instrument has been discussed, including the necessary de¬ 
velopments before it becomes a clinically useful tool, what it 
may offer to medicine from a diagnostic standpoint, and 
what the final equipment may look like and cost. 
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Ian Donald (1910-1987) 


Ian Donald was born in Scotland in December 1910, the son and grandson of 
Scottish doctors. He was educated at Warriston School in Moffat, Fettes College in 
Edinburgh, and following the family move to South Africa he graduated BA from 
the Diocesan College in Cape Town. He returned to England in 1931 and graduated 
in medicine at St Thomas’s Hospital Medical School in 1937. He was awarded MB 
BS at London University in 1937. During 1942-1946 he served as a medical officer 
in the RAFVR; he was mentioned in dispatches and awarded the MBE for rescuing 
airmen from a burning aircraft. Service in the RAF stimulated his interest in gad- 
getry of all kinds and he became familiar with radar and sonar. 

On returning to London at the end of the war, he took up obstetrics and gyne¬ 
cology and held appointments at various London hospitals. His first research 
work was directed towards respiratory problems in the newborn, and he devised 
apparatus to help babies breathe when respiration did not get off to a flying start. 
Because of his interest in machines, Ian Donald was known as ‘Mad Donald’ by 
some of his London colleagues, who caricatured him as a crazy inventor, but his 
talent was spotted by that great university statesman, Sir Hector Hetherington, 
and he was appointed to the Regius Chair of Midwifery at the University of 
Glasgow in 1954. 

His interest soon turned to the idea that sonar could be used for medical diag¬ 
nosis, and the idea was first put into practice on 21 July 1955, when he visited the 
research department of the boilermakers Babcock & Wilcox at Renfrew on the in¬ 
vitation of one of the directors, who was the husband of a grateful patient. He took 
with him two cars, the trunks of which were loaded up with a collection of lumps 
such as fibroids and ovarian cysts which had recently been removed from patients 
in his Department. He carried out some experiments with an industrial ultrasonic 
metal flaw detector on these tumors, and on a large lump of steak which the com¬ 
pany had kindly provided as control material. Later he formed a link with the 
Kelvin & Hughes Scientific Instrument Company, and particularly with a young 
technician called Tom Brown. Quite by accident, Brown had heard the strange tale 
of a professor who was attempting to use a metal flaw detector to detect flaws in 
women. He telephoned Professor Donald and suggested a meeting, and it was not 
long before Donald and Brown, together with Dr John MacVicar, later Professor of 
Obstetrics & Gynaecology at the University of Leicester, plunged into an intensive 
investigation into the value of ultrasound in differentiating between cysts, fibroids 
and any other intra-abdominal tumors that came their way. 

Early results were disappointing and the enterprise was greeted with a mixture 
of skepticism and ridicule. However, a dramatic case where ultrasound saved a pa¬ 
tient’s life by diagnosing a huge, easily removable, ovarian cyst in a woman who 
had been diagnosed as having inoperable cancer of the stomach, made people take 
the technique seriously. ‘From this point’, Ian Donald wrote, ‘there could be no 
turning back’. Results eventually appeared in print in the Lancet of 7 June 1958 un¬ 
der the arid title “Investigation of Abdominal Masses by Pulsed Ultrasound”. This 
was probably the most important paper on medical diagnostic ultrasound ever 
published. Ten years later all doubt had been cast away and Ian Donald was able to 
review the early history of ultrasound in a characteristic forthright manner. 
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In 1959 Ian Donald noted that clear echoes could be obtained from the fetal 
head and began to apply this information. The group applied the method of fetal 
head measurement to assess the size and growth of the fetus. When the Queen 
Mother’s Hospital opened in 1964 it became possible to refine the technique great¬ 
ly and fetal cephalometry became the standard method for the study of fetal 
growth for many years. 

Within the next few years it became possible to study pregnancy from begin¬ 
ning to end and diagnosis of complications like multiple pregnancy, fetal abnor¬ 
mality and placenta previa (which causes life threatening hemorrhage) became 
possible. Professor Donald had gathered around him a team of talented young 
doctors and technologists, including the research engineers John Flemming and 
Angus Hall, who were engaged by the university when the Kelvin Hughes compa¬ 
ny was closed in 1966. 

In recognition he received many honours including the Eardley Holland Gold 
Medal (RCOG), Blair Bell Gold Medal (RSM), Victor Bonney Prize (RCS of 
England), honorary DSc from London and Glasgow Universities, CBE in 1973 and 
an honorary FRCR in 1983. In 1984 Ian Donald and Tom Brown were made the first 
honorary members of this Society. Only a fortnight before he died Ian made the 
journey to the Royal College of Physicians of London to receive an honorary fel¬ 
lowship. In honor of Professor Ian Donald, Professor Asim Kurjak founded the Ian 
Donald Inter-University School of Medical Ultrasound in Dubrovnik, Croatia in 
1981. It is one of the world’s largest schools of medical ultrasound and each year 
many celebrated students come through their advanced courses in medical ultra¬ 
sonography. And in recognition of Donald’s pioneering work in ultrasound, an Ian 
Donald Gold Medal was awarded each year by the International Society of 
Ultrasound in Obstetrics and Gynaecology (ISUOG) to the person whose pioneer¬ 
ing work is considered to have the most profound influence in the development of 
Obstetrical and Gynecological ultrasonography. 

Professor Ian Donald passed away on 19 June 1987 and was buried in the quiet 
country churchyard of St. Peters, Paglesham, Essex. He was survived by his wife 
Alix, whom he married in 1937, their four daughters and thirteen grandchildren. 

In part excerpted from an article in the University of Glasgow publication 
Avenue’ No. 19: January 1996 entitled ‘Medical Ultrasound - A Glasgow 
Development which Swept the World’, by Dr. James Willocks MD. 


Thomas Graham Brown (born 1933) 


Thomas Graham Brown was born in Glasgow in 1933. He attended Allan Glen’s 
School in Glasgow, which in those days was a notable ‘feeder’ for the science facul¬ 
ties of the local universities. After leaving school he joined the local branch of the 
engineering firm Kelvin and Hughes Scientific Instruments Company as a “tech¬ 
nical apprentice”. All along Brown had a hobby interest in model-making, radios 
and valve-based electronics. Within Kelvin & Hughes he gained experience in 
many different facets of electronic and instrumentation engineering. 

About two years into the apprenticeship Brown became involved in ultrasound 
used for non-destructive testing of materials, under Alex Rankin, who was a pio¬ 
neer in the use of these techniques. He developed a system which would select for 
recording only echoes from particular regions of the test piece, by means of elec¬ 
tronic time ‘gating’. He also found a way of stabilizing the overall sensitivity of the 
system by selecting a reference echo from the test piece boundary, and using it in¬ 
directly to control the overall sensitivity. This was a difficult task in those days. 
Brown went to the University under a company sponsorship and studied applied 
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physics. However he did not finish his second year and went back to work at 
Kelvin and Hughes. In 1956, having learned that Ian Donald had much difficulty 
with the metal flaw detector that he was using (which had been passed on from 
Professor Mayneord at the Royal Marsden Hospital, who used it to investigate the 
brain), Brown called Donald personally and subsequently offered to lend him a 
brand-new M4 metal flaw detector together with photographic facilities from his 
company, through the generous foresight of his superior, Alex Rankin. Although 
Ian Donald was pleased with the results from this machine, both he and Brown 
had felt the need of a 2-D B-mode apparatus (not unlike the technique of the mili¬ 
tary radar) on top of the uni-dimensional A-scan that he was getting. 

Together with Dr. John Mac Vicar, who joined the department as registrar in 
1956, Brown and Donald came up with the world’s first compound contact scan¬ 
ner, where the transducer can be moved manually over the patient’s abdomen 
with a resultant 2-D image reproduced on an oscilloscope. The transducer 
was mounted on a frame with linear potentiometers to measure its mean X- and 
Y-positions and a sine/cosine resolving potentiometer to give a measure of the 
angle at which it was pointing into the patient. 

Patents were applied for by Kelvin and Hughes prior to the publication of their 
early results in the ‘Lancet’ in June 1958. Tom Brown was named as inventor, 
though commercial rights were assigned to the company. The design was updated 
and improved at the several versions that followed. The design was taken up for 
commercial production as the Diasonograph by the Smith Industrials of England 
which had bought Kelvin and Hughes. By 1963, Brown took over as department 
head of the Medical Ultrasonics operations in Glasgow, after the death of former 
head Alex Rankin. In 1964 the Glasgow operation became the subject of an inter¬ 
nal “take-over” by Smith’s Aviation Division. Brown left to become Chief Engineer 
at Honeywell’s Medical Equipment Division in Hemel Hempstead. There he be¬ 
came involved with equipment for open-heart surgery, coronary care and prefab¬ 
ricated operating theatres. 

In mid-1967, Smiths decided to close down the Glasgow factory, largely on ac¬ 
count of the so-called “Firestone patents” on ultrasound, and sold the medical 
business to Nuclear Enterprises in Edinburgh. The NE 4102, later revamped and 
re-designed by Brown’s successor Brian Fraser and Alan Cole, was an extremely 
successful machine and became the de facto standard in ultrasound scanners in 
Britain. 

Brown’s early scanner design set an important standard for other designs that 
followed. The Denver group (Howry, Wright and Meyers) fabricated a machine 
with a similar design after meeting up with Donald and Brown in London in 1959. 
A comparable design was also developed by Chinese investigators in Wuhan in the 
early 1960s. 

Brown also invented and patented an elaborate and expensive automated com¬ 
pound B-scanner in 1958 which took care of a number of scanning variables of the 
operator. It was at the machine’s exhibition in London in i960 that Ian Donald met 
for the first time Douglass Howry from the United States, who had been using the 
much larger water-tank circumferential scanner for several years. The automated 
scanner was, however, considered too expensive for full commercial production 
and had never become popular. 

Brown left the company in 1965 and returned after a lapse of 2 years when 
Nuclear Enterprises Ltd. acquired Kelvin and Hughes’s medical ultrasound busi¬ 
ness. In 1970, Brown was research fellow at the University of Edinburgh studying 
three-dimensional imaging possibilities. He joined Sonicaid Ltd. in 1973 and led a 
team to develop an entirely new three-dimensional stereoscopic contact com¬ 
pound scanner. The machine, which was called the Multiplanar Scanner, was ex- 
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hibited at the AIUM meeting in 1976, followed by commercial production in the 
following year. 

Commercial sales were nevertheless scant and production was discontinued in 
1979. Although Brown’s venture into the realm of 3-D ultrasonography was not 
met with success (at a time when computing technology was meager), his fore¬ 
sight was prudent and admirable. Brown did not find further employment in the 
medical instruments industry and moved to work in the offshore oil and gas busi¬ 
ness, where he remained until 1998. After his retirement, Brown worked part-time 
as Quality Manager for the Radiological Protection Centre at St George’s Hospital 
at Tooting, London. 

In 1984 Tom Brown and Professor Ian Donald were elected the first two hon¬ 
orary fellows of the British Medical Ultrasound Society. In 1988 Brown was 
presented the “History of Medical Ultrasound Pioneer Award” by the World 
Federation of Ultrasound in Medicine and Biology (WFUMB). In 1996 he received 
the Ian Donald Gold Medal for Technical Merit from the International Society of 
Obstetrics and Gynecology (ISUOG). 

In part excerpted with permission from the webside www.ob-ultrasound.net by 
Joseph Woo, MD, Hong Kong. Picture courtesy Joseph Woo, MD. 


/. MacVicar 
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Conclusion 

Such is a very rough-and-ready sketch. I am pro¬ 
foundly aware that already a few courses organised on 
these lines exist and that much may be learned from 
them. I am also aware that the best results of such a 
course could be obtained only if it interlocked with the 
teaching in the clinical years far more closely than does 
the present preclinlcal course. Such interlocking is 
implicit in the structure of the new course's third year: 
much of the sociology* for example, would be taught by 
medical men from the fields of social medicine and of the 
psychology of industrial and group relations. Doubtless 
some crusading zeal could be lavished on the last years 
of our present curriculum too! But I am trying to be very 
strictly practical; everything I have suggested could 
actually be put into practice—as an experiment—without 
too much trouble with regulations, I believe, at any of a 
number of medical schools in the United Kingdom. 

The General Medical Council in its 1957 Recommenda¬ 
tions as to the Medical Curriculum has removed its previ¬ 
ously rather detailed recommendations about the teaching 
of particular subjects. The present recommendations 
have been drawn up specifically to foster experimentation 
with the curriculum: they " refrain from specifying the 
period of time to be allotted to particular subjects or the 
sequence in which they should be taught . . . and from 
specifying subjects in which separate examinations should 
be held ”, The Council make a particular point of asking 
schools not to regard their activities as “ in any way limit¬ 
ing their own right* which may equally be described as a 
duty, to experiment with different courses and various 
methods of teaching *\ 

The present proposals should be viewed in the light 
of this recommendation. Summing them up one could 
say they imply a three-year preclinical course covering 
all the present ground of 1st M.B., 2nd m.b.* and general 
pathology, but reorientated in consecutive courses 
entitled Cellular Biology, Organisation of Mammals, and 
Organisation of Man. Biochemical genetics enters the 
course at the start; ethology is part of it all along. The 
growth process is used to introduce anatomy and physio¬ 
logy and at the same time behavioural development. The 
concepts of maturation and learning introduce normal 
psychology, family studies, sociology, and finally a dis¬ 
cussion of the role of the doctor—or various sorts of 
doctors—in our society. 

T am sure much more thought and a great deal of 
experiment must go towards making a real course in 
human biology for doctors; but I think we ought to face 
squarely the implications of the modem nature of 
medical practice in our society. I believe we should 
seriously consider giving thought to the reorganisation of 
the curriculum from the point of view of the human 
biologist. We might further invite the views upon this of 
a variety of disciplines outside our own to see what their 
representatives conceive of as the doctor's role and his 
training for it. In this way we would gradually work 
towards the time when we could envisage setting up an 
experimental training in line with these emerging con¬ 
ceptions, and in which studies of human biology would 
exert their true usefulness in the training of medical men. 

This essay has benefited much from the constructive criticism of 
a number of persons who have long thought about problems in 
medical education. In particular I would like to thank Dr. C. F. 
Harris, Prof. A. A. Moncrteff, Prof. J, Z. Young, Sir Geoffrey 
Vickers, and Dr. J. S. Weiner. Needless to say, however, the views 
above are not to be imputed in whole or part to anyone but myself. 
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Vibrations whose frequency exceeds 20,000 per second 
are beyond the range of hearing and therefore termed 
** ultrasonic One of the properties of ultrasound is that 
it can be propagated as a beam. When such a beam 
crosses an interface between two substances of differing 
specific acoustic impedance (which is defined as the 
product of the density of the material and the velocity of 
the sound wave in it), five things happen: 

(1) Some of the energy is reflected at the interface, the 
amplitude of the reflected waves being proportional to the 
difference of the two acoustic impedances divided by their 
sum (Rayleigh's law). Therefore the greater the difference in 
specific acoustic Impedance between two adjacent materials 
the higher will be the percentage of energy reflected. This 
fact makes a liquid-gas interface almost impenetrable to ultra¬ 
sound and is important In relation to gas-filled intestine 
within the abdominal cavity. 

(2) Much of the energy which is not reflected is transmitted 
into the second medium but is somewhat attenuated. 

(3) Some refraction may occur, particularly when the ultra¬ 
sonic beam is not at right-angles to the plane of the interface. 

(4) Some of the energy may be absorbed and produce heat. 
The ability to absorb ultrasound varies with different tissues 
—e.g., that of bone is considerable. 

(5) Cavitation may be produced if considerable energies are 
present at the lower ultrasonic frequencies. This phenomenon, 
whose mechanism is not yet fully understood, can develop 
when the negative sound pressure exceeds the ambient hydro¬ 
static pressure, giving rise to small temporary voids in the 
material. Cavitation becomes increasingly difficult to produce 
as the frequency of the ultrasound is raised, and usually develops 
only when the ultrasonic energy is applied continuously or in 
pulses of much greater duration than those we use. Nervous 
tissue Is more susceptible than other tissues to cavitation 
(Fry et a!. 1950). 

For diagnostic purposes reflection and transmission are 
the important phenomena. Transmission is ruled out in 
our type of investigation because of the multiplicity of 
interfaces within the abdominal cavity and the im¬ 
penetrability of tissue-gas boundaries. The recording and 
mapping of echoes from the reflecting interfaces is there¬ 
fore the method of choice, which has been extensively 
used for many years in industry for detecting flaws in 
homogeneous materials, particularly metals, and the 
information so obtained may in some instances be superior 
to radiography, even with 2,000,000-V X-ray machines. 

The use of ultrasonic echoes in studying human tissues 
promises to be much more complicated because of the 
great variety of tissues concerned and, it is believed, the 
not very large differences in specific acoustic impedance 
between them. It is therefore not surprising that results 
so far do not appear to have matched the technical 
ingenuity which has been shown in recent years. 

A-scope Presentation 

To confirm that echoes were obtainable within the body 
we started modestly with this method of presentation, 
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Fie. 1 — A- scope presentation pf acute retention of urine* showing 
bladder walls separated by gap representing urine* 

Fig. 2 —Same bladder as in fig. 1 after having been emptied by 
catheter* showing bladder walls no longer separated by gap. 

which is standard practice in industry. By this method 
any echoes picked up are represented by vertical blips on 
a cathode-ray oscilloscope screen on a horizontal linear 
time-base sweep* the propagating source of ultrasound 
being represented by the left-hand end of the sweep. 
Since the velocity of propagation of ultrasound is very 
nearly the same in the various soft tissues encountered* 
the distance* to the right along the base-line at which an 
echo blip is shown gives a measure of the distance of the 
reflecting interface from the propagating source* Figs 1 
and 2 illustrate the principle of A-scope presentation. 
The patient from whom these figures were obtained had 
acute retention of urine following colporrhaphy, and the 
ultrasonic probe was placed over her distended bladder. 
The clear space in fig. 1 between the two blips represents 
the urine within the bladder. A catheter was then passed* 
and the blips closed up together as the bladder emptied 
(fig* 2). The apparatus used was the standard * Mark XV 7 
Kelvin Hughes flaw-detector* with which we had consider¬ 
able experience, making 165 A-scope records of various 
solid and cystic swellings both in vivo and postoperatively 
in vitro. 

It was not long before we discovered that the pattern 
of the blips is altered considerably by changing the angle 
of incidence of the ultrasonic beam* and it appeared that 
only the simplest reflecting interfaces could be diagnosed 
by conventional A-scope technique. 

We were using at that time a standard frequency of 
2 1 / i megacycles per second* and we compared the quality 
of echoes from the same subjects at s / s , l 1 /** and 5 mega¬ 
cycles as well* but we appeared to obtain the best results 
at 2 7a megacycles. The higher the frequency and therefore 
the shorter the wavelength the greater can be the resolu¬ 
tion; but attenuation within the transmitting medium also 
increases with the frequency* as does scatter ”, which 
confuses the picture, and therefore range is restricted for 
a given power, Reid and Wild (1952), using a higher 
frequency of 15 megacycles, were restricted to a range of 
about 2 cm. only, but they suggested that this could be 


extended by the principle of time-varied sensitivity, in 
which the receiver gain is increased as a function of the 
elapsed time between propagating signal and echo. A 
compromise has to be reached between frequency and 
resolution and depth of penetration. 

The use of A-scope presentation has been applied in 
ingenious ways* especially by Effert et al. (1957), who 
studied the movements of the left atrial walls of the heart 
simultaneously with electrocardiography and phono¬ 
cardiography in the relative assessment of mitral stenosis 
and incompetence. They also demonstrated pericardial 
effusion. 

B-scope Presentation 

In this arrangement the direction of the probe is kept 
constant, and the area is scanned by moving the probe 
sideways along a line at right-angles to the ultrasonic 
beam. The display on the cathode-ray tube is made to 
follow this sideways movement of the probe. If the size 
of the echo is represented by variations in brightness of 
a spot on the cathode-ray screen instead of as a blip, it is 
possible to build up a composite picture on a long- 
persistence screen or on a photographic plate. 

A variant of this method was used by Wild and Reid 
(1951) using a hand-held instrument in which a propagat¬ 
ing crystal scanned to and fro over a range of 6*5 cm. 
within an elliptical water-chamber. Another variant is to 
place the test object in a water-tank round the outside of 
which a probe travels directing a radial beam inwards* 
Similarly, in Japan, Kikuchi et al. (1957) graduated from 
A-scope presentation to a type of B-scope scan, which 
they call “ ultrasono-tomography ”, for the exploration 
not only of the abdomen but also of the cranial cavity, 
as much of the head as possible being placed in a water- 
tank. The method appears to be still under development. 

Our experience was like that of Howry (1955), who 
noted that even quite small angular displacements from 
the perpendicular in the incidence of tfre ultrasonic beam 
produced very great differences in the amplitude of the 
reflected echo. Howry calculated that an angle as small as 
6° off the perpendicular reduced the amplitude of the de¬ 
tected echo to a tenth, and 12* reduced it to a hundredth. 
Howry and his colleagues have done a lot of fundamental 
work with simple geometrical test objects in water-tanks 
and have used ultrasonic lenses to narrow the beam and 
to improve penetration and resolution. They have also 
attempted three-dimensional and stereoscopic observations 
of body structure by building up two composite pictures 
taken from angles differing by 10° in respect of each other 
and studying them in a stereo viewer (Howry et al. 1956). 

Radial Scan or Plan-position Indicator 

A plan-position-indicator (p.p.i.) display is produced 
by rotating the probe about a fixed point in or near the 
area being scanned and causing the time-base sweep to 
follow the angular movement of the probe while originat¬ 
ing from a fixed point on or off the face of the cathode-ray 
tube. If the origin of the display is off the face of the tube, 
the display is known as a " sector scan ”, None of the 
aforementioned methods is sufficient by itself to produce 
a satisfactory echo pattern of a deep-seated structure 
within the body, because echoes are only detected by the 
receiving crystal if the reflecting surfaces from which they 
originate are at right angles to the incident energy beam. 

For these reasons it was decided to attempt to produce 
a scanning and plotting mechanism which, so far as 
possible, would enable each individual part of the surface 
of the structure under investigation to be scanned by the 
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Fig. 3—Diagram of method combining B-scope and P.F.I. presen¬ 
tation; A+ patient's skin; B, reflecting mass; C, D s E s paths traced 
by probe spindle, transducers, and probe face respectively; F, 
paths of echoes returning to receiving transducer (where reflect¬ 
ing surface is at right-angles to Incident ultrasonic beam); G, 
paths of useless reflections (where beam strikes surface obliquely). 

ultrasonic beam from a large number of different angles, 
all, however, lying in the plane of the cross-section to be 
represented. In this way we have sought to reproduce a 
composite cross-sectional view of the parts of the body 
examined, “ collecting ” echoes on the one picture from 
as many angles as possible, registering simultaneously not 
only the echoes and their strength but also the position 
of the probe and the angle of the incident beam. Our 



Fig. 4—Recording apparatus, showing three cathode-ray tubes with 
camera folded back over cathode-ray tube on the right- 

apparatus thus combines B-$cope and p.p.i. presentation 
(fig- 3). 

Apparatus 

A probe containing both transmitting and receiving 
transducers is mounted on a measuring jig, which is 
placed above the patient* s bed. The probe is free to move 
vertically and horizontally and, as it does so, operates two 
linear potentiometers, which give voltage outputs propor¬ 
tional to its horizontal and vertical displacements from 
some reference point. The probe is also free to rotate in 
the plane of its horizontal and vertical freedom, and 
transmits this rotation via a linkage to a sine-cosine 
potentiometer. The voltage outputs from this system of 
potentiometers control an electrostatic cathode-ray tube, 
so that the direction of the linear time-base sweep corres¬ 
ponds to the inclination of the probe, and the point of 
origin of the sweep represents the instantaneous position 
of the probe. 

The apparatus is so calibrated that the same reflecting 
point will repeat itself in exactly the same position on the 
cathode-ray tube screen from whatsoever ■ angle it is 


scanned, and likewise a planar interface comes to be 
represented as a consistent line. 

The probe mounting and measuring jig have been built 
on to a standard hospital bed-table, which is placed over 
the patient's bed. The patient's abdomen is smeared with 
olive oil to establish acoustic coupling by excluding inter¬ 
vening air, and the probe is applied directly to the abdo¬ 
minal skin. We have been able to dispense with the water- 
tank or water-column transmission system of other 
workers; tbi L $ enables Us to scan far larger areas. The 
echoes picked up by the probe are displayed on three 
oscilloscope screens; an A-scope display; a combined 



Fig. S—Rotating probe applied to abdomen. 

B-scope and P.P.I. display on a long-persistence screen for 
monitoring; and a similar screen and display of short 
persistence with a camera mounted in front of it (fig. 4). 

The probe is moved slowly from one flank, across the 
abdomen, to the other flank, being rocked to and fro on 
its spindle the whole time to scan the deeper tissues from 
as many angles as possible. At present this is done by 
hand, but we have plans for mechanical scanning, which 
should produce far more consistent results. Thus the 
entire cross-sectional picture is composed of a large 
number of overlapping sector scans, and each potential 
reflecting surface within this cross-section is “ seen ” by 
the probe from a great number of angles (figs, 3 and 5). 
The process usually takes between T/s and 2 l / 2 minutes, 
and the patient experiences no discomfort whatsoever. 
Several cross-sectional views are taken thus at different 
levels between the symphysis pubis and the xiphistemum. 



Fig. 6—Transverse section of anterior half of thigh showing femur* 
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FJ(, 7—Unilocular ovarian cyst of moderate size. 

Probe System 

We use separate piezo-electric transducer crystals, one 
for transmitting and one for receiving. Each is a barium- 
titanate rectangle IQ mm. X 7 mm., and the two are placed 
with their 7 mm. sides adjacent. These dimensions were 
chosen empirically as likely to give the best compromise 
between beam divergence and beam diameter. The trans¬ 
ducers lie on a conducting layer on a e Perspex 1 block 
I in. thick, whose opposite side is in contact with the 
patient’s skin. The transmitting transducer is " air- 
backed ” and is electrically pulsed fifty times a second. At 
each pulse it vibrates mechanically for a very brief inter¬ 
val at a frequency determined by its elastic properties and 
its thickness. For a frequency of 2Vs megacycles, such as 
we. use, the thickness is about one millimetre. 

Transmitting System 

A 10Q pico-farad capacitor is charged to about 1400 V 
through a high resistance and is then discharged by a 
thyratron through the primary winding of a pulse trans¬ 
former, The transmitting transducer is connected across 
the secondary of the pulse transformer in parallel with 
a damping resistance of 50 ohms. The amplitude of the 
transmitted acoustic pulse rises from zero to its maximum 
value in 0-3 microseconds and has decayed to 10% of 



Fig- 9—Bilateral ovarian tystn. At operation left cyst's diameter 
was in. and right cyst's 12'/, in. 



Fi£. S—Large simple ovarian cyst with posterior surface indented 
by vertebral column and posterior abdominal wall. 


this value after a further 18 microseconds. Fifty such 
pulses are transmitted each second. 

Results 

We have now investigated 100 patients and made 275 
records by this scanning technique, in addition to the 
previously mentioned A-scope work. Most of the cases 
were gynecological or obstetrical because we mainly 
investigated the routine clinical material of our own 
department. Our work therefore deals chiefly with various 
conditions of pregnancy, ovarian cysts, fibroids, ascites, 
and abdominal carcinomatosis. 



Fig* 10—Transverse section of healthy abdomen at level of umbilicus. 


A transverse section of the thigh of one of us (T* G, B0 
is shown in fig. 6. The outermost fine represents the 
movement of the probe, and the wriggles in it represent 
the rotary movement applied to the probe. The femur 
appears crudely in cross-section, 

A moderate-sized unilocular ovarian cyst is shown in 
fig. 7. The shadows below and behind It are believed to 
be due to displaced bowel, which gives very powerful 
echoes because of the tissue-gas interface which intestine 
provides. 

A much larger cyst is shown in fig. 8, and the indentation 
of its posterior surface by the vertebral column is clear. 
The cyst was very tense and clinically diagnosed as a 
fibroid, but the ultrasonic characteristics of a fluid-filled 
cyst are here quite unmistakable. 

Bilateral ovarian cystt are shown in fig. 9; only one cyst 
had been diagnosed clinically, but the outlines of both 
cysts can here be made out; two cysts were found at 
operation. The heavy collection of shadows in the centre 
of the picture and in the upper left part are believed to be 
due to coils of intestine. 

z2 
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FI®. 11—Gross ascites due to cirrhosis of liver. Ultrasonic beam 
Can penetrate more deeply in random fashion because of fluid 
between coils of intestine. 


By contrast the healthy abdomen of one of us (J. M.)* 
scanned at the level of the umbilicus* is shown in fig. 10. 
We are not yet certain of the identification of the various 
layers of the abdominal wall shown here* but the note¬ 
worthy feature is that deep penetration into the abdomen 
is prevented by normally situated coils of intestine. 

In ascites > however* the fluid intervening between the 
coils of gut allows the ultrasound to penetrate to a much 
greater depth, yet without producing the cleareut margins 
of an ovarian cyst. This is shown in fig. 11, taken in a 
case of portal cirrhosis in which the patient's abdomen 
was scanned at umbilical level in the presence of gross 
ascites. This film is almost certainly overexposed and 
probably exaggerates the picture. 



Fig. ta—Very large complex ovarian tumour, which proved at 
operation to be a multllocular pseudomucinous cyst adenoma with 
almost solid plaques of minute loculi. 

A huge and structurally very complicated ovarian tumour 
is shown in fig. 12. This was a large pseudomucinous 
cystadenoma of ovary with many areas of very small 
loculi clustered together so as almost to give the macro¬ 
scopic impression of areas of solidity. Histology showed 
the tumour* however, to be benign. 

Multiple fibroids are shown in fig. 13. Our findings so 
far indicate that fibroids tend to absorb and scatter ultra¬ 
sound* with the result that only faint echoes can be 
recorded from the posterior surface of the mass (as in this 
figure) or none at all, in contrast to a fluid-containing 
cyst* in which the ultrasound is readily transmitted and 
reflected from its posterior wall. Here the outline of the 
fibroids can be roughly seen and the thickness of the 
tumour gauged. Our tentative conclusions at present are 


that the ability of fibroids to transmit ultrasound depends 
on their vascularity. 

The pregnant uterus offers considerable scope for this 
kind of work because it is a cystic cavity containing a solid 
foetus. In fig. 14 a suprapubic scan is shown of a patient 
at the 34th week of gestation in whom placenta prsevia 
was suspected; we were trying to see the placenta in the 
lower segment. We are not yet sure about this, but the 
outline of the foetal head shows up very well. 

Hydramnios is very vividly shown in fig. 15, in which 
the transverse section of the baby’s body appears within 
the enormously distended amniotic sac. The period of 



Fl&. 13—Multiple fibroids, showing progressive attenuation of ultra¬ 
sound, with only faint echoes from posterior surface of mass in 
contrast to ovarian cysts. 


gestation in this case was 32 weeks* and the girth of the 
abdomen 44 inches. 

Twins are shown in fig. 16. The scan was taken just 
above the level of the umbilicus at the 37th week of 
gestation. Both twins presented by the vertex* and what 
is visible here is the two breeches at the fundus. 

Fig. 17 is very interesting. The patient had had three 
months’ irregular vaginal bleeding and a very hard 
enlargement of the uterus corresponding in size to about 
14 weeks’ gestation. A year previously a fibroid had been 
found within her uterus, and she was now admitted to 
hospital for myomectomy, A scan taken one inch above 
the symphysis pubis showed, however* a very different 
picture: a cystic cavity containing in its left half a mass 
which is dearly a very early foetus. The result of the 
Aschheim-Zondek test ordered was awaited with consider¬ 
able excitement since clinically the diagnosis was con- 



Fig. 14—Outline of fatal skull in utcro at 34 weeks* gestation {supra¬ 
pubic scan). 
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Fiff. 15—‘Hydramnjas, showing outline of transverse section of 
foetal body within enormously distended a mn Lot it: sac. 


vincingly that of fibroid. The test was positive; and with 
rest in bed the patient’s bleeding ceased, and she was 
discharged home with the pregnancy continuing. She has 
since been safely delivered. 

In another instance, in which, unfortunately, we did 
not secure a permanent and satisfactory record, the useful¬ 
ness of ultrasound in diagnosis was well shown. A woman, 
aged 64, Was admitted to a medical ward with gross 
abdominal distension believed to be due to ascites. She 
had severe vomiting and had rapidly lost weight. Carci¬ 
noma ventriculi with secondaries at the portal fissure was 
provisionally diagnosed, and one of us (L D.) was asked 
to see her to exclude malignant disease within the pelvis 
as an alternative source of her asdtes. Her general 
condition was very bad, and the abdominal examination 
was very difficult owing to distension, but the diagnosis 
of ascites was agreed, and the pelvis was found to be clear 
of any palpable malignant deposit* The ultrasonic 
apparatus was applied and indicated unequivocally a very 
large cyst, which we were unwilling to believe* At 
laparotomy, however, a very large pseudomucinous 
cystadenoma was removed, and the patient continues well 
*o this day* 

Possibility of Harmful Effects of Diagnostic Ultrasound 


Ultrasound, being a form of mechanical energy, can be 
expected to inflict and make apparent its injuries, if any, 



Fig. 17—Uterus at 14 weeks' gestation, showing echoes from ftieCUS 
towards Jcft half of uterus* Provisional clinical diagnosis had been 
that of fibroid. 



Fig. 16—Twins; both breeches shown on scanning across fundus 
uteri. 


at once, like other forms of mechanical trauma. In this it 
differs from ionising radiations. There are two possible 
means whereby damage might be inflicted by the passage 
of a beam of ultrasound: (I) the production of heat 
associated with the absorption of the energy of the ultra¬ 
sonic beam, and (2) cavitation. There can be no doubt 
that intense ultrasonic energy can produce damage, 
especially from powerful machines using the principle of 
magnetostriction at lower frequencies. In diagnostic 
work, however, very high frequencies in the megacycle 
ranges and low-power outputs are used. One of us (I. D.), 
using continuous I-megacycle ultrasound—i.e., not 
pulsed—with an intensity of 7 watts per sq, cm., made 
experiments in haemolysing blood and observed that the 
rate of destruction of the red cells depended on the 
amount of heat generated within the sample of blood, 
because a similar degree of destruction could be achieved 
by heating the blood to the same temperature without 
ultrasound. Fry (1954)j however, using intensities of 
70 watts per sq* cm. and a 4-second exposure with multiple 
ultrasonic beams focused to a width of 2=3 mm. and 
working directly on animals’ brains from which the over- 
lying bone had been removed, produced immediate 
effects, particularly on the larger nerve-cells. He con¬ 
cluded that increased temperature was not the chief 
cause of damage, because the smaller nerve-cells would 
then have suffered as much as the larger. 

Nerve-cells appear to be more susceptible to damage 
from ultrasonic energy than any other tissue, and Fry 
et al. (1950, 1951) showed that there was a linear relation, 
for a definite degree of paralysis in the frog, between the 
reciprocal of exposure time and the pressure amplitude 
of the sound-wave. 

This structural damage was produced at intensities 
many thousand times higher than those used in diag¬ 
nostic work. French et al* (1951), using Wild’s 15-mega- 
cycle diagnostic apparatus, found no brain damage in 
four rabbits and a cat whose brains were directly exposed 
to diagnostic ultrasound. Wild and Reid (1952) calcu¬ 
lated that the average intensity at the surface of their 
patients “ was not more than T3 watts per square centi¬ 
metre," a figure which strikes us as surprisingly high* 

With our apparatus we have calculated that, even if 
we ignore the energy losses in the transmitting circuits, 
the greatest possible energy delivered to the transducer 
is 0-5 x 10^ joules per pulse. If we take into account 
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the efficiency of the transducer and the attenuation of the 
energy in its passage through the perspex block, the 
greatest energy which can be radiated into the patient is 
0 2 x KT J joules per pulse. This is equivalent to an 
average power at the body surface of less than 15 mW 
per sq, cm. The cross-sectional area irradiated at any 
one time is about 07 sq. cm. Thus the energy is truly 
very small. Nevertheless it was vital to establish beyond 
all shadow of doubt that susceptible tissues would not 
suffer even from these dosages, and we are indebted to 
Dr. P. Bacsich, of the department of anatomy of this 
University, for the following investigations which he 
made for us on newborn kittens. His report is quoted in 
full below: 

2 day-old male sibling kittens were used, two of them being 
controls. 

Under pentobarbitone-sodium anesthesia two kittens were 
exposed to pulsed ultrasound from the standard flaw-detector 
for an hour, the crystals being placed on the left temporo¬ 
parietal region after the scalp had been generously covered 
with olive oil; simultaneously the controls received “treat¬ 
ment ” with a dummy crystal. All four kittens regained full 
consciousness within 9-10 hours and, after being put back to 
their mother, started to feed voraciously. 

2 kittens (1 experimental and 1 control) were killed 24„hours 
after the start of the experiment. The other 2 were left under 
the mother's care for three weeks. During this period the 
experimental kitten showed no harmful manifestations of the 
treatment, in fact its development was considerably in advance 
of that of its sibling. It fed better and gained weight faster, 
its eyes opened a day earlier, and it left the mother's basket 
two days sooner. 

At the end of this period the 2 kittens were killed with 
lighting-gas, and their brains were carefully removed and fixed 
in a 10% aqueous solution of formalin for three days. All 
4 brains were embedded in celloidin-paraffin and sectioned 
serially in the coronal plane. The sections were mounted in, 
four parallel “ reduced ” series as follows: after three con¬ 
secutive 10-^ and one 20-ft sections had been mounted, the 
next 45 sections cut at 10 pt were discarded, and this procedure 
was repeated again and again. In every instance one series 
was stained with hsemalum and eosin, one with toluidine-blue, 
one with a modified * Protargol * method, and one with a 
modified Weigert method. 

In the microscopical examination of the brain of the 24- 
hour experimental kitten signs of cavitation, coagulative 
necrosis, localised hyperaemia, haemorrhages, and chromato- 
lysis were looked for, and the brain of the 3-week kitten was 
examined for any evidence of patchy cell destruction, neuro¬ 
glial scarring, axonal degeneration, and localised lack of 
myelination. 

All these tests were completely negative, and the brains of 
the experimental kittens and their respective controls were in 
every way comparable. 

On the basis of these findings one must conclude that 
exposure of the kittens to more than thirty times the dose 
of ultrasound necessary in its diagnostic use produced no 
detectable neuropathological change, or at least any pos¬ 
sible lesion could not exceed 450 \i In extent. 

Discussion 

To be of any use at all to the clinician, the echo pat¬ 
terns obtained by pulsed ultrasound must be not only 
intelligible but also consistently reproducible at the same 
level in the same case. That this is not always so we 
attribute to inadequate scanning methods and technique 
—hence the development of our combined B-scope and 
p.fj. presentation and scanning. Even so we are very 
far from satisfied with the crude results so far obtained. 
Other workers have made claims which, in many instances, 
are more striking than substantial, judged by some of the 


illustrations offered. The temptation to try to distinguish 
benign from malignant tissue by such simple, quick, and 
harmless means is well-night irresistible; but, being only 
too well aware of the difficulties which even the histolo¬ 
gists on direct microscopy may have in assessing malig¬ 
nancy, we have not attempted this sort of assessment in 
the present state of crudity of an ultrasonic beam whose 
width is measurable in millimetres and whose wave¬ 
length is many rimes the diameter of any living cell, 
benign or malignant. Wild and Reid (1952) claim that 
it is possible to distinguish between a benign and a mal¬ 
ignant tumour within the breast on the basis of positive 
differences observable on ultrasonic echography. The 
Japanese workers Kikuchi et ai. (1957) have made the 
same claim ; they also daim to have recorded echoes from 
human intracranial ventricles, as we have, in the new¬ 
born, and they make other claims which we have not 
explored. Howry and Bliss (1952) noted that fresh speci¬ 
mens in vitro differed in their sonic properties when 
compared with fixed specimens in formalin solutions. 
We also have noted differences between the tumour in 
vivo in a tank after removal from its host. We cannot 
explain this difference except by suggesting that blood 
circulating through a tumour alters its sonic properties. 

Our experience of 78 cases in which diagnosis was 
quickly verified by laparotomy and subsequent histology 
indicates that ultrasonic diagnosis is still very crude, and 
that the preoperatiye diagnosis of histological structure is 
still far off, although such a possibility in the future is an 
exciting prospect. The fact that recordable echoes can 
be obtained at all has both surprised and encouraged us, 
but our findings are still of more academic interest than 
practical importance, and we do not feel that our clinical 
judgment should be Influenced by our ultrasonic findings. 
Our most spectacular results have been obtained in deal¬ 
ing with fluid-filled cavities, which certainly show up well; 
but it is only fair to point out that the illustrations shown 
herewith are among the very best that we have so far 
been able to produce out of about 450. They do, how¬ 
ever, encourage great efforts to refine our technique. 

Summary 

Large intra-abdominal masses, including the gravid 
uterus, pelvic tumours, and ascites, have been investi¬ 
gated by the echo patterns obtainable by pulsed ultra¬ 
sound. 

Masses containing fluid are easily but crudely demon¬ 
strated. 

The possible identification of structures within the 
abdomen by their sonic properties is discussed. 

A scanning mechanism is described whereby cross- 
sectional views of the abdomen arc obtained, and illus¬ 
trative examples are given. 

The possible harmful effects of diagnostic ultrasound 
are discussed; they appear to be negligible. 

The limitations of the technique so far developed in 
practical diagnosis are described, but further refinements 
in technique may provide a useful diagnostic weapon in 
cases in which radiological diagnosis with ionising radia¬ 
tions is either Impracticable or undesirable. 

Our apparatus was developed in the research department of the 
Hilling ton Factory, Glasgow, of Messrs. Kelvin Hughes Ltd., who 
cooperated in this research with generosity and enthusiasm, for 
which wc are indeed grateful. One of us (T. G. B.) has been seconded 
by the directors of this firm for whole-time work in connection with 
this research. We also acknowledge, with thanks, the support 
received from the Scottish Hospital Endowments Research Trust. 

References at foot of next column 
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3.6 Ultrasonic Doppler method for the inspection 
of cardiac functions 


Shigeo Satomura (1919-1960) 


Shigeo Satomura was born in 1919 in Osaka. He obtained his PhD from the Osaka 
University School of Physics in 1944 and thereafter worked at the Institute of 
Scientific and Industrial Research, Osaka University. Satomura was appointed 
Assistant Professor in 1952 and was conferred the degree of Doctor of Medical 
Sciences in i960. He died from a sudden subarachnoid hemorrhage at the Osaka 
University Hospital in the same year, at the age of 41. He was posthumously pro¬ 
moted to Professor by the university. 

In 1955, Satomura began using microwaves and ultrasound in industrial re¬ 
search, shortly following his initial efforts in measuring vibrations on wooden 
boards. Professor Kinjiro Okabe, his supervisor at that time, suggested that he ap¬ 
ply his ultrasound techniques to medical diagnosis. In collaboration with T. 
Yoshida and Yasaharu Nimura, medical doctors (cardiac physicians) at the Osaka 
University Hospital, he tried to apply the techniques to the measurement of the 
heart and pulsations of peripheral and eye blood vessels. In December 1955, 
Satomura published his first paper on the subject entitled “A new method of the 
mechanical vibration measurement and its application”. In this paper he demon¬ 
strated that Doppler signals can be retrieved from heart movements when in- 
sonated with 3-MHz ultrasonic waves. 

Together with Ziro Kaneko, he constructed the Doppler flowmeter to measure 
the Doppler noise from these blood vessels. These works were part of Satomura’s 
Dr. Med. Sci. thesis which he presented in November 1959. Ziro Kaneko was 
Professor at the Department of Neuropychiatry, Osaka University Medical School 
and he proposed to Satomura to study blood flow in the human brain in cases of 
dementia to differentiate the Alzheimer variety and those that were of cerebral 
vascular origin. From July 1958, they embarked on studies of the extracranial por¬ 
tions of the cerebral blood supply using Satomura’s Doppler flowmeter. They were 
able to demonstrate in the same year that ultrasonic Doppler signals from arteries 
and veins could be found from the surface of the skin and pioneered early tran¬ 
scutaneous flow analysis in systole and diastole, in normal and in diseased blood 
vessels. 

In October 1958, Satomura had presented a paper entitled “Study of blood flow 
in vessels by ultrasonics” at the meeting of the Japan Acoustics Society. This was in 
the Japanese language. A similar article “Study of the flow pattern in peripheral 
arteries by ultrasonics” was published in the Journal of the Acoustic Society 
of Japan in 1959. The paper was in Japanese with an English summary. On 
4 December 1959, Satomura’s apparatus was shown in the Japanese daily news¬ 
paper the Mainichi News. 

In part excerpted with permission from the webside www.ob-ultrasound.net by 
Joseph Woo, MD, Hong Kong. Picture courtesy Joseph Woo, MD. 
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ULTRASONIC ABSORPTION IN LIQUIDS 


excitation probability contains a factor expfe/^T 1 ) 
where e is the depth of the (attractive) potential well. In 
the liquids the neighbors are already near the bottom of 
the well, and therefore this factor should perhaps be 
omitted in liquids. Then, the ratio of collision times 
would be 

(»WTiiq) exp(e/*r). 
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Table II. Factor exp (t/kT) at room temperature. 


CHjCh 

CHClt 

ecu 

C*Ht< 

C*H, 

cs. 

exp(t/*T) 3.9 

3.0 

3.0 

4.0 

4.3 

5.1 


The resulting factor is shown in Table H. This, 
however, increases the spread. 
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Ultrasonic Doppler Method for the Inspection of Cardiac Functions 

Shigeg Satomura 

Acoustics Laboratory, Institute of Stimtifk and Industrial Research, Osaka University, Hirakata, Osaka, Japan 

(Received April 30, 1957) 

When the continuous ultrasonic wave is sent forth towards the heart from the surface of the chest wall, 
the cardiac motion causes the Doppler effect upon the partial wave reflected from it. Therefore, an apparatus 
suitably constructed for sending and receiving ultrasounds is quite useful for the investigation of the move¬ 
ments of the atrium, ventricle, or valves, etc., through the analysis of the particular Doppler signals developed 
from the motion of the respective part. 

The author developed a method for the inspection of cardiac functions by recording these Doppler 
signals simultaneously with the electro- and phonocardiographs on the oscillograph paper. This method made 
It possible not only to obtain direct informations for the valvular movement which could not have been as¬ 
certained up to present, but also to examine the transitional aspects of the myocardial excitation which 
is utterly undetectable by the electrocardiograph alone. 


1. INTRODUCTION 

A PRACTICAL application of the ultrasound to 
the field of the diagnosis has been developed in 
the technique employing ultrasonic pulses. 1 Since a 
slight change in the tissue density of the interior of the 
body is manifested in the deviation of the transmittivity 
or the reflectivity of the applied ultrasonic pulses, the 
pulse technique has been chiefly utilized for the detec¬ 
tion of the cancer tissue. Meanwhile, the method under 
the main title is characterized by the use of the Doppler 
effect, 2 3 ” 4 caused by the mechanical motion of the heart, 
for the inspection of cardiac functions. By means of 
this method, it is possible to inspect the motion 5 of the 
heart wall, the movement 6 of the valves, and the heart 
noises produced in a diseased heart. 

This paper proposes to describe the principle and the 
composition of the equipment in practical use, intro¬ 


1 JT. J. Wild and J. M. Reid, J. Acoust. Soc. Am. 25, 270 (1953); 
Electronics 28, No. 3 (19SS). 

2 E. J. Barlow, Proc, Inst. Radio Engrs. (1949). 

3 5. Bagno, I. R. E, Convention Record (1954), Ft. 6. 

‘Howry, the ultrasonic blood velocity transducer developed 

at the National Bureau Standards. 

* The Doppler signal obtained in a fixed position on the chest 
wall is a function of the distance of various portions of the heart 
depending upon the exact rotational and transitional motions 
that the heart goes through. It is similar to the Rmetacardiogram. 
E. E. Eddleman et al. f Circulation 8 (1953). 

s Moreover, the Doppler signals by the movement of the valves 
is the one which is produced by the component of the valvular 
velocity in the direction of the ultrasound sent forth from the 
fixed point on the chest wall. 


ducing another way for the clinical examination by 
discriminating the varieties of the Doppler signals 
recorded by this original apparatus. 

2. PRINCIPLE 

A sharp beam of an ultrasound being sent forth 
toward the heart from the surface of the chest wall on 
the movement of the heart wall or of the valvular 
structures induces the Doppler effect upon the wave 
reflected from them. Therefore, if an appropriate 
probe of sending and receiving the ultrasonic wave is 
available, it is possible to obtain the AF signals (the 
Doppler frequencies), frequencies of which are pro¬ 
portional to the motional velocity of the reflecting part 
of the heart by means of a composite demodulation of 
the reflected wave with the direct one. 

It is obvious that the following relation 7 is established 
between those quantities designated as f<t(c/$) y 
(cm/sec), and X (cm): 

fd= 2 u$f\ 

where ft is the Doppler frequency, m the velocity 
component (parallel to the ultrasonic incidence) of the 
reflecting part, and X the ultrasonic wavelength in the 
human body. Since the wavelength is determined by 

7 The exact expression is as follows: 

''-x('+7+^+~> 
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Fig. 1. Schematic block diagram of the apparatus. 


the frequency of the ultrasound used; the measurement 
and the analysis of the frequency of the Doppler signal 
provides information about the reflecting part of the 
heart, namely, the ventricles or the valves, etc. 

Moreover, the minute vibration 5 of the reflecting 
part produces the corresponding small alteration in the 
phase * * 9 of the reflected wave; a vibratory tone is 
detected, too. 

Employing this method, it is possible to distinguish 
the Doppler signals produced by the movement of the 




goo i ooo )£00 
FFEQuEtfCT fcps> 

Fro. 2. Circuit and frequency characteristic of the band-pass filter. 

5 S, Satomura, J. Inst. Elec. Commun. Engrs. Japan 38, No. 4 

(1955). 

9 Phase difference—+ ydA0+ 

r—range of an object 
d— displacement of minute vibration 
X — wavelength 

phase difference corresponding to 
50=minute change of phase. 


heart wall or valve, and, further, "the Doppler heart 
noises” originating at a diseased heart. 


3 . EQUIPMENT 


The block diagram of the equipment is presented in 
Fig. 1. The high-frequency energy supplied by the HF 
oscillator is conducted to the barium titanate trans¬ 
ducer through a flexible cable, and the ultrasound is sent 
forth into the body. The reflected wave is received by 
the same transducer, conducted to the demodulator 
together with a portion of the direct wave. The Doppler 
signals obtained by the detector are amplified by the 
AF amplifier, the output power of which drives the 
earphone or the recorder. The HF oscillator is a typical 
one of self-oscillation with the power of 1-2 w, and the 
operating frequency is 3 Me. The power of the ultra¬ 
sound is calculated to be about 20^50 mw/cm*. The 
amplification of the AF amplifier is approximately 80 db. 

A low-pass filter and a band-pass filter is added to the 
AF amplifier. The low-pass filter is of a simple tt type, 



Fig. 3. The shape and the dimensions of the 
transducer and its holder. 

the cutoff frequency of which is 500 cps, and the band¬ 
pass filter is a twin T circuit, 10 * the middle frequency of 
which is about 1000 cps and a little variable, and the Q 
is about 3 - 5 . Figure 2 shows the circuit and the fre¬ 
quency characteristic 11 of the band-pass filter. 

Figure 3 shows the shape and the dimensions of the 
barium titanate transducer and its holder. The positive 
electrode is separated in concentric circles, the circular 
part in the center being operated for the generation of 
the ultrasound, and the ring-shaped outer part for 
reception. The schema on the right of Fig. 3 indicates 
the shape of the ultrasonic beam. 8 shows an angle of 
the sound intensity reduced to half (0=8 degrees). 

4. CLINICAL EXPERIMENTS 

Practical inspections of the heart are carried out 
according to the following procedure. The ultrasonic 
transducer is attached to the surface of the chest wall, 
searching for the Doppler signals arising from the 

" U = ( 1 f2*CR) t ft —midd le frequency 

11 Positive feedback amplifier by means of this filter. 
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various parts of the heart. The signals thus made 
audible through the earphone are recorded on the 
oscillograph paper parallel with the electro- and phono- 
cardiographs. 

The above described filters are chosen according to 
the object under inspection. That is, the low-pass 
filter is used in case of inspecting the heart wall motion 
and the band-pass filter is for valves with the middle 
frequency 15 set at about 1000 cps. In case of receiving 
the Doppler heart noises, no filter is employed. 

Figure 4 shows the particular positions on the chest 
wall selected for the process of systematic inspections. 
The Doppler signals thus obtained have been classified 
into the following three distinct groups: 

(a) lower frequency Doppler signals (selected by 
means of the low-pass filter); 

(b) higher frequency Doppler signals (selected by 
means of the band-pass filter); 

(c) Doppler heart noises (no filter employed). 



Fro. 4. The particular positions on the chest wall selected for the 
process of systematic inspections. 


(a) Lower Frequency Doppler Signals 

The Doppler signals in this group mainly consist of 
those arising from the motion 15 of the heart wall, the 
frequencies being below 500 cps. They are further 
classified into two classes: those from the ventricular 
wall and those from the atrial wall according as the 
ultrasonic probe is placed on the respective position. 

The positions for receiving the Doppler signals from 
the bottom part of the ventricular wall, the apex, and 
the right atrium are indicated in Fig. 4 , ( 3 ), ( 4 ), and 
( 5 ), respectively. 

In Fig. 5 a representative curve of the Doppler 
signals is shown, indicating the motion of the bottom 
part of the ventricle. The curve of the Doppler signals 
is divided into three components; each one corresponds 
to the period of the atrial contraction, the ventricular 
contraction, and the ventricular relaxation, respectively. 

A clinical significance is attributed to the investiga¬ 
tion of the relations with the time interval between the 


11 The middle frequency is so adjusted that the Doppler signal 
from valves Is received with the best intensity. 

15 C. H. Hertz and I. Edler, Acustica. 6 (1956). 


lir Sound 2 .W sound 

SOLJffp ^- 

CeNTOCTKM I*-hlf—--' —------ 

oF ATRIUM I I OOnTKAtnON RELAXATION 

I 3 

« D, 

Fig. 5. Schematic graph of the oscillogram, indicating the 
motion of the bottom part of the ventricle. 

electromotive excitement of the myocardium and the 
actual motion of the heart. An abnormal example such 
as the case with aortic insufficiency has demonstrated 
the fact that the mechanical motion lags behind the 
electric excitement of the myocardium at the period of 
contraction; i.e. as shown in Fig. 5 , the time interval 
Q—D t between 0 . 05 - 0.10 sec for the normal case, 
whereas for this abnormal case it is about 0 . 12 - 0.15 sec. 

(b) Higher Frequency Doppler Signals 

Scanning along the left sternal border in the 3 rd or 
the 4 th intercostal space or along the parasternal line 
in the 4 th intercostal space as well higher frequencies 
of approximately 1000 cps can be received colncidently 
with the lower ones. The higher frequency suggests that 
the reflecting objects possesses the velocity about 5-10 
times larger than that of the ventricle and their location 
makes it probable that they might be developed by the 
action of the semilunar or of the atrioventricular valves. 

Figure 6 shows the ultrasonic probe directly applied 
to the exposed heart of an anesthetized dog indicating 
the positions where the higher frequency Doppler 
signals are supposed to be produced by the motion of 
the inner objects. 

The position (1) indicates the bottom part of the 
right ventricle where the tricuspid valve is considered 
to exist within the position (2) the bottom part of the 
left ventricle covering the mitral valve and lastly the 
position ( 3 ) represents the bottom of the pulmonary 
artery the vicinity of the semilunar valve. 



Fig. 6. The positions on the exposed heart of a dog, where the 
higher frequency Doppler signals are supposed to be produced. 
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Fig. 7. Schematic graph of the oscillograph, for the experimental 
results on the heart of a dog. 
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Fig. 8. Schematic graph of the oscillogram, indicating the 
motion of the mitral valve. 


A typical curve of the higher frequency signals 
recorded on the oscillograph paper is exhibited in Fig. 7 
for the experimental results on the heart of a dog. Those 
taken at the tricuspid position (M c ) develop co hi¬ 
dden tly with the onset of the increase in the pressure 
curve for the ventricle lagging as much as 0.04r-0.05 sec 
behind the start of QRS of the electrocardiograph. M c 
shows the signal corresponding to the closing of the 
mitral valve and Mq to its opening. Those at the 
position around the pulmonary artery (Po) make 
appearance approximately in the midst of the increasing 
portion of the pressure curve lagging about 0.09 sec 
behind the beginning of QRS. P c shows the signal 
corresponding to the closing of the pulmonary valve 
and P D to its opening. 

On the basis of the experimental results described 
above, these higher frequencies are considered to be 
produced by the movements of the semilunar or of the 
atrioventricular valve. 

The higher frequencies for a human body recorded 
along the left sternal border in the 4 th intercostal space 
on the chest wall are presented in Fig. 8, showing the 
movement of the mitral valve. These are produced both 
at the opening (JI/ 0 ) and the closing of the valve 
t Mps and M E ), The opening and the closing time of 


this valve is closely related to the functions of the 
heart; Le., the abnormal case with some myocardial 
change or with some defect at the kidney offers the 
universal result that the time interval between the 2nd 
sound and the mitral opening, (II D m in Fig. 8) is 
prolonged to be 0.19 sec for a most extraordinary case, 
whereas the normal value lies between 0,05 and 0.07 sec. 
Besides, the time of occurrence of the signal at the 
valvular closing, its amplitude, etc,, are of high diag- 



Fig. 9. Oscillograms ; the lower frequency Doppler signal, the 
higher frequency Doppler signal, and the Doppler heart noise, re¬ 
spectively. (A —heart sound, B —Doppler signal, C—E. C. G.) 



Fig. 10. Photograph of the apparatus. 
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nostic significance, providing the possibility for in¬ 
specting the condition of the stiffness of the valvular 
structure. Moreover, the signals by the plumonary 
artery itself is also detectable on the left sternal border 
in the 3 rd intercostal space. 

(c) Doppler Heart Noises 

The Doppler heart noises are obviously audible only 
on a diseased heart. They are yielded when the reflecting 
object of the ultrasound, such as the ventricular wall, 
suffers an irregular vibration of small amplitude. A 
variety of tones are received according to the species of 
the objects or to the state of vibrations, etc. Since the 
amplitude of this cardiac vibration which causes the 
Doppler heart noises is supposed to be so small as to be 
less than a quarter-wavelength of the applied ultrasonic 
wave, 9 the phase of the reflected wave is equivalent to 
be modulated by the vibration, the demodulation 
producing a vibratory tone. The important difference 
from the usual tone heard through a stethoscope is that 
the Doppler noises cannot be produced unless the 
ultrasound is applied to the source of the noises or to the 
vibratory portions. The stethoscope receives the sound 
considerably diffused from the source. These Doppler 
noises are also audible, though very weak, to a certain 


degree from a normal human body, but an abnormal 
case provides a clearly distinguishable noise, character¬ 
istic of the particular defect in the heart. For example, 
when surplus liquid stays in the pericaudium, the 
Doppler noises are sure to be audible, even if the 
stethoscope cannot detect the disorder (see Figs. 9 
and 10). 

5. CONCLUDING REMARKS 

The usefulness of the ultrasonic Doppler method for 
the inspection of the cardiac functions has been de¬ 
scribed. Incorporating the principle, the equipment 
diagram, and the experimental examples, an original 
method for the cardiac diagnosis has been presented. 
Especially, the detection of the valvular movement is 
peculiar to this method and new information which 
other methods could not offer has been obtained. A 
variety of its application are in prospect for further 
investigations. 
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Ultrasonic Pulse Technique for Measuring Acoustic Losses and Velocities of 
Propagation in Liquids as a Function of Temperature and Hydrostatic Pressure 

H. J. McSkimpt 

Bdl Telephone Laboratories t Inc., Murray Hill , New Jersey 
(Received July 29, 1957) 

A fixed path ultrasonic unit operating in the frequency range of 20-200 mcps is described which can be 
used for measuring acoustic wave velocities and losses in liquids as a function of temperature and hydrostatic 
pressure. A simple phase balance technique insures a high order of accuracy for velocity determinations. 

Illustrative data for carbon tetrachloride, Dow Coming DC-703 and DC-200 silicone fluids, and water 
are shown. Determination of freezing points of liquids using ultrasonic waves for indication is also discussed 
briefly. 


L INTRODUCTION 

O F the very great volume of work that has been done 
in studying the mechanical properties of liquids 
with ultrasound, only a relatively small amount has 
involved the use of hydrostatic pressure as a variable. 
This is partly due to the fact that means for providing 
and measuring high pressures are not as readily obtained 
as for, say, varying temperatures. Also, it is obvious 
that equipment suitable for use at atmospheric pressure 
may prove difficult to adapt to the closed system re¬ 
quired for application of high pressures. Optical 
methods, for example, require specially constructed 
windows in the pressure vessel, 1 * while variable path 


interferometers add the complexity of a shaft which can 
be rotated from outside the pressure vessel 2 

Particularly for velocity measurements, methods 
involving fixed path lengths and high-frequency pulse 
techniques appear to have merit. 4- * 

It is the purpose of this paper to discuss a method 
which is particularly good for determining velocities of 
propagation, but one which also yields attenuation. 
Operation at frequencies as high as 200 mcps appears 

* J. C. Swanson. J. Chem, Phys. 2, 689 (1934). 

*T. A. LitoviU: and E. H. Came vale, J. Appl. Fhys. 26, B16 
(1955), 

* Gerald Holton, J. Appl. Fhys. 22, 1407 (1951), 

* A. H. Smith and A. W. Lawson, J. Chem. Phys. 22, 351 (1954). 

* J. F. Mifsud and A. W, Nolle, J. Acoust. Sac. Am. 28, 469 
(1956). 


1 P. Biquard, Compt. rend. 206, 897 (1938), 
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Sonderdrucfc aus der Zeits thrift „Fortsdiritte der Medizin“ T 84. Jg., Nr. 18/1966, S, 689—693 


Aus der Frauenhlinik der WestMischen Wilhelms-UniversitSt Munster (Direktor: Prof. Dr. med. H , Goetke) 

Neue Moglichkeiten der Ultraschalldiagnostik 
in der Gynakologie und Geburtshilfe 

Von Prof. Dr. med. D. Hofmann, Dr. med. H. - J, Hollander und Priv.Doz. Dr. med. P. Weiser 


Der Begriff „Ultraschair ist u. a. dadurch bekannt geworden, 
claG er sell Ende cles ersten Wcltkrieges bei der U-Boot-Ortung 
(** Asdic-Verfahren") Bedeutung erlangte. Ultraschal] gelangt 
heute bei der Eeholotung von Meerestiefen und bei der Mate- 
rialprufung weit verbreitet zur Anwendung, In den Jahren 
nach dem zweiten Weltkrieg sdhien es voriibergehcnd, als fjinde 
der Ultraschal! auch in die Tumortherapie Eingang. Einer kur- 
zen Zeitspanne diesbezngUdien Optimismus* und leider auch 
allzu hoffnungsvoller Beurteil ungen im Schrifttum folgte dann 
die Erkenntnis. daG der Ultrasdiall fur die Tumortherapie — 
audt in Kombination mit anderen Tlicrapieverfahren — wert- 
los ist 

Es verblieben auf medizinUchem Gebiet begrenzte Mdg- 
lichkeiten der Diagnostik mit Ultrasdiall, vorwiegend im 
Bereidi des Sdiudels. Immerfiin hat sich die Echoenzephalo- 
graphie ebenso wie die ophthalmologisdie Ultrasdiall- 
anwendung einen festen Flatz in der medizinisdien Dia- 
gnostik erobert (Bannaski und Fischer, Kramer; Nover und 


Tab. 1: Frequenzeinteilung der Schallwellen 


Frequenzbereith 

(Hz) 

Bezeichnung 

0— 16 

16—18 000 
> 18 000 
> 100 000 

InfraschalJ 

Horsthall 

Ultrasdiall 

Hypersdiall 


Tab. 2: Ausbreitungsgeschwindigkeiten der Schallwellen fur ver- 
schiedene Ktirpergcwebe (nach Simeon) 


Subsianz 

s 

k 

H.S 

= 

■L> _ 

M 

~ 

s 

=| S 

it* i 

VI bFJidw 

If 

es 

AktistJsche 

Impedanz 

(g/cm^ec) 

Watsser 1 

25 


1497 

0,997 

1,49 10 5 

Wasser 5 

S6 

IS 

1495.3 

0,997 

1,49 ■ 10 5 

Kodisalilosutig® 

as 

IS 

1504 

1,005 

1,511 ■ 10 1 

Mensdil- Gtvebt 1 
(ohlie Knothen) 

37 

2,S 

1490— 

1310 

1,06 

1,58—1,70 ■ 1£P 

dassclbe, Mittelwcrl 1 

37 

£.5 

1540 

1,30 

1,03 10 s 

Muskelgewfibe 

(menschl.)' 

94 

1.9 

1509 

1,053 

1,00 10 s 

Lebergewebc 

24 

IS 

1570 

1,055 

1,00 10 s 

Fcttgewebc (menschl-)* 

24 

IS 

1470 

0,928 

1,97 *1P 

Cehirng^wcbt 

(menschU 1 

U 

2 

1531 

1,040 

1,58. ID* 

Ktiodien (RifitO* 

- 

9,5 

3330 

IS 

5,1 10 s 

Knochen 

fmcnsthl. Sdiadnl) 1 

— 

0,3 

3300 

1,85 

0,3 IP 

Luft J 

- 

- 

331 

0,0012 41,3 


» Bercmanrt, 1&54 * Barthel, 1954, * Ludwig, 1&50. 1 Frudit, 1953. 1 Jeppsson, 
19(U. * Gilttner ct al., 1953. 1 Theismflnn und Pfaildcr, 1949. * Carlin, 1949, 


Vorgctragen vor der Med. Gesetlsdiaft Munster am 10, November 1965, 

Zur veroffenUithurig eingereidit: Mftrz 19t®. 


GUmsdineider; Strik; S chief er, Kazner und Bruckner; dort 
ausgiebige weitere Literatur). 

Bevor auf eigene Versuche, den diagnostisdien Wert des 
Ultrasdialls in Gynakologie und Geburtshilfe zu uberpru- 
fen, eingegangen wird, seien in aller Kiirze einige physika- 
lische Gesichtspunkte erwahnt. 

Die Bezeichnung „Ultraschair umfaGt Schallwellen, deren 
Frequenzen oberhalb des Hiirbereiches liegen, Tab , I gibt einen 
Oberblidc iiber die heute gebraudilichc Frcquenzeinteilung. Da- 
nadi umfaBt der „Infraschall" den Frequenzbereidi 9 bis 16 Hz, 
der „Horsehair den Bereidi zwischen 16 und 18 000 Hz; ober- 
halb dieser Frequenzen folgt der ^UltraschalF, wobei man nodi 
einmal bei Frequenzen iiber 100 000 Hz von „Hyperschair 
spricht, 

Je hoher die Frequenz der Schallwellen ist, deren Ausbrei- 
tung im Ubrigen an Materie gebunden 1st, des to mehr gleichen 
Hire Ausbreitungseigensdiaften denjenigen freier elektromagne- 
tisdier Wellen, Im menschlichen Korper breitet sich der Uitra- 
schall als Longitudinalwelie aus. Seine Ausbreitungsgesdiwindig- 
keit hangt von Didite und Elastizitlitskonstanten der jeweiligen 
Medien ab. In Tab. 2 (nach SwM&rt) sind die Ausbreitungs- 
geschwiudigkeiten fiir verschiedcne Korpergewebe aufgefiihrt. 
Die Tabelle enthalt auch die zngehorigen Werte der akustischen 
Impedanz, die fiir die medizinisdie Diagnostik with tig ist. 

Durchdringt eine Ultrasdiallwelle ein Medium und trifft auf 
ein zweites Medium, welches voni ersten durth eine Grenzflache 
getrennt ist, so wind ein Teil der Sdiallenergie in das erste 
Medium zuriidegeworfen* wahrend der andere Teil in das 
zweite Medium eindringt, Fiir die deflexion gelten die vom 
Lidit her bekannten Winkelgesetze. Sie wird ferner bestimmt 
von dem erwahnten Begriff der akustischen Impedanz. Man 
versteht hierunter das Pnqdukt Q - v aus der Dichte des Mediums 


Abb. 1: 

Echoenzephalo 
gramm eines 
aljiihr. Patienten 
mit Mittelecho- 
verlagerung um 
9,00 mm nadi 
redits. 

Das Karotis- 
Angiogramm 
zeigt einen 
temporo-basalen 
Tumor links 
(Metastase). 

(Pat, M. W., 

Echo Nr. 491/63,) 

(aus: Sdiicfer, W. 
und Kazner, E; 
Methodik und 
diagnostische 
Moglichkeiten 
der Edioenze' 
phalographie. 
ForLtchr. Med- 04, 
4: 18b 1968k 
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und der Geschwindigkcit der Sdiallausbreitung in diesem Me¬ 
dium. Wenn eine Sdiallwelle in einem Medium 1 die akugtische 
Impedanz £?i ■ VJ hat, nnd an einer Grenzfladte auf ein Me¬ 
dium 2 mit der akustisdhen Impedanz ■ v s trifft, und der 
Auftreffwinkel 90° betragt, dann gilt fiir den Reflexionsfaktor R, 
das VerMItnis zwischen den Intensitaten des cinfallenden und 
des reflektierten Strahls die folgende Gleichung; 



Abb. 2: Ultrasdiallediogramm und Operationspraparat eines 
Uterus myomatosus. 


Aus der Gleidiung fdgt, daft die Sdiallenergie an Grenz- 
flachen zwischen Gasen einerseits und fester oder fliissiger 
Materie andererseits nahezu veils tandig reflektiert wird, Rund 
30% der Sdiallenergie werden an der Grenzf laehe Muskel/Kno- 
dien reflektiert, wenn der Einfallswinkel 90° betragt. 

Die Sdiallabsorption in einem Medium folgt der bekannten 
e-Funk tion 

1 = 1 - e~“ ft * 

wobei a der sogenannte Amplituden-Absorpbomkoeffizient i$t. 

Die medizinisdie Ultrasdialldiagnostik basiert, wie be- 
reits oben ausgefuhrt, auf der Reflexion von Sdiallwellen 
an Grenzfladien zwisdien Geweben mlt unterschiedlidier 
akustisdier Impedanz, Das in der Praxis heute bevorzugte 
Prinzip besteht darin, daB Sdiallwellen., die in einem 
piezoelektrischen Kristall erzeugt werden, in den Korper 
hineingesdiickt werden und nadi Reflexion von dem glei- 
chen Kristall wieder aufgenommen werden. Die hierbei 
wieder erzeugten elektrisdien Potentiate werden verstarkt 
und oszillographisch dargestellt. 

Die Forderung, die Sdiallwellen mSglidist senkredit in 
die zu untersudienden Med ion einfallen zu lassen, kann 
einfach erfiillt werden, wenn, wie etwa bei der Echoenze- 
phalographie, die Lage eines „ Mitteledios" im Schiidel 
festgestellt werden soil, um raumfordemde mtrakranielle 
Frozesse zu diagnostizieren (Abb. 1). Ahnlidi verhalt es 
sidi auf dem Gebiet der Augenheilkunde. Im Falle der 
geburtshilflich-gynakologisdien Diagnostik ist es jedodi er- 
strebenswert, komplette reelle XJltrasdiallediobilder zu be- 
kommen, wobei geniigende Eindringtiefe ebenso wie ge- 
niigende Detailauflosbarkeit Voraussetzung ist, 

Wir legten uns die Frage vor, ob und wie weit das 
Ultraschallechoverfahren auf unserem Fachgebiet eine dia- 
gnostisdie Bereicherung darstellt. An entspredienden Un- 
tersudiungen liegen im wesentlidien eine schwedische 
(Sunden) und einige amerikanische Arbeiten vor, von denen 
sidi letztere mit der intrauterinen Messung der KindsgroBe 
befassen (Taylor * Holmes , Thompson und Gottesfeld; 
Thompson , Holmes, Gottesfeld und Taylor). In neuester Zeit 
ist eine Arbeit von Donald ersdiienen, die etwas allgemeiner 
auf die gynakologisdi-geburtshilflidien Anwendnngsm5g- 
lidikeiten der Ultras dial Id iagnostik eingeht. Wie wir im wei- 
teren nodi darlegen werden, sdieinen uns die Anwendungs- 
mbglidikeiten des Ultraschalls in Gynakologie und Ge- 
burtshilfe dodr nodr starker begrenzt zu sein, als es von 




Abb, 3: Ultrasdiallediogramm einer Gvarialcyste, 


Abb. 4: Ultraschalldarstellung der Blase und ihre Abgrenzung 
gegeu den Utems, 
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Abb, 5: Ultrasdiallediogramm und Qperationspraparat eines 
durdt Tastuntersudmng nieht eindeutig diagnostizierten Gvarial- 
tumors, Einbettung des Tumors in Damn- und Netzadhasionen. 

dem zuletzt zitierten Autor behauptet wird, Dies umso 
meht, als uns die Qua!itat der betreffenden Bilder nodi un- 
befriedigend ersdteinL 

Bei unseren eigenen Untersuchyngen bedienten wir uns eines 
Ultrasdiallgerates, bei dem em stehender Sdiallkopf Ultrascb all¬ 
impulse mil einer Frequenz von ca. 3000 sec - ' aussendet, die 
iiber ein grofteres Korpersegment senkreeht einfallend verteilt 
und wieder aufgenommen werden. Das Auflosungsvermdgen 
unserer Apparatur betrug ill der Tiefe ca, l s 5 mm und in der 
Breite ca. 4 mm. Die Sdtallfrequenz belief sidi auf 2,5 MHz, 

Irn folgenden seien einige UI trasdiallechophotogramme demon- 
striert und ihr diagnostisdier Wert erortert. In den Abbildungen 
entsprechen die Zeilenabstande der Raster einem wirldimen 
Abstand von 2 cm. Es darf noch einmal hervorgehoben werden, 
daB die vorliegenden Ultrasdiallediograrnme im Cegensatz zur 
Rdntgenaufnabme, die bekanntlidi ein Summationsbild dar- 
stellt, edits Querschnittsbilder sind, also Bilder, wie sie in der 
Rontgenologic venmittels der Schiditverfahren angestrebt werden. 

Uterustumoreo 

Abb. 2 gibt das Beispiel sines Uterus myomatosus wie¬ 
der, der im wesentlidien eineit faustgroBen intramuralen 
Myomknoten aufwies. Vollig eindeutig lassen sidt die Gr5- 
BenverhSltnisse ablesen* indent die Durdunesser des Tu¬ 
mors 7 cm und 8 cm betmgen. Die Abbildung laJ3t im 
Bbrigen die schalloptisdie Homogenitat des Befundes er- 
kennem die im Gegensatz zu der recht deutlichen Struk- 
turierung des Tumors selbst steht (vgl. Abb. 2 oben), Wie 
nodi zu zeigen sein wird, ist die Unterscheidung von 
einem sdtwangeren Uterus in der Regel moglidt, Auf die 
besonders sdiarfe Wiedergabe der Baudiwandgrenzfladten 
sei hingewiesen. NaturgemaB bestehen kemerlei histologi- 
sdte Aussagemoglichkeiten, 


Abb, 7a: Der gleidie Foet wie oben, Bildebene jedodt etwa 
2 mm parallel zur Langs achse versdhoben. 


Abb. 6: UltrasdiaLlechogramm eines tiefliegenden sdiwer tast- 
baren Ovarialtumors. 


Abb, 1: Normaler 30 cm langer Foet in Language, Dnohender 
Spatabort. Der Schadel (gmbter Durdimesser 4*5 cm) und die 
Grenzen des Thorax sind deutlieh zu erkennen. 


a 
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Abb, 8; Stark deformierter und mazerierter Foet bei partidler 
Blasenmole 



Abb. 9: GroBter Urnfang eines normalen kindlidien Sdiiidds. 


Ovariattumoren 

ErwartungsgemaG laBt das Ultrasdiallediogramm audi 
nidit immer einen sidreren Entsdieid da ruber zu t ob es 
sidi urn einen Uterustumor oder einen liomogenen Ovarial- 
tumor, z, B. ein Cystoma serosum, handelt. Reflexe, wie 
sie im Innem des Tumors von Abb. 3 zu erkennen sind, 
spredien immer bin fur das Vorhegen eines Ovarialtumors. 
Die Abb. 3 zeigt im iibrigen, daB audi der Ovarialtumor 
gewissermaGen als Negativ, eingehullt in inhomogene 
Strukturen, wie Darmsdilingen, Netz usw., zur Darstel- 
lung gelangt. Einderitige Grenzfladien, wie sie z, B. bei 
Mehrkammerigkeit oder teilweiser Soliditat des Tumors zu 
er war ten sind, bilden sidi vielfach ab, In Abb. 4 findet sidi 
eine sdiarfe Grenze zwisdien Uterus einerseits und Blase 
andererseits, deren Versduebung bei sidi anderndem Fill- 
lungszustand der Blase nachweisbar ist. 

In den beiden Abb . 5 und 6 handelt es sidi um die 
Ultraschalldarstellung zweier Ovarialtumoren, die ungun- 
stiger Verbal tnisse wegen durdi die gynakologisdie Un~ 
tersudiung nidit eindeutig nadizuweisen waren. In beiden 
Fallen verbinderten ausgiebige Darm- und Netzadhasio- 
nen und im Falle der Abb. 6 die Tiefe des Tumors eine 
klare Diagnosestellung, Nadi Anfertigung von Ultrasdiall- 
ediogrammen konnte die Diagnose einwandfrei gestellt 
werden. 


S ch wangersdiaf tsd iag nosti k 

Die Hoffnungen, die von vornherein auf eine geburts- 
hilflidie Ultraschalldiagnostik gesetzt wurden, grundeten 
sidi u, a. auf den Gesichtspunkt der Fruditsdiadigung. 

Bekanntlidi vermeideu wir heute nadi Moglidikeit rGntgen- 
diagnosbsche MafWbmen in der Sdiwangemhaft selbst dann, 
wenn die Gefahren der Fruditscbadigung und der Erbsdiadi- 
gung so gering au veranschlagen sind, dal3 sie keine Kontra- 
indikation gegen eine notwendige RdnEgendiagnostik abgeben, 
Alle t)berlegungen bezuglich einer Sdiadigung der Frucht wiir- 
den aber entfalien, wenn die SdiwangersdiaftsdiagnosUk mittels 
Ultrascball durchfuhrbar ware, Schon aus der Zeit einer ver- 
suditen, aber bald wieder aufgegebenen Ultrasdialltumorthera- 
pie wissen wir, daft selbst intensive UltraschaJleinwirkung nur 
geringe Gewebsschadigung herbeizufiihren vermag. Ultrasdialb 
tberapiegerate arbeiteten aber mil Flachenenergien «m 3 Watt j 
cm*. Selbst bei Steigerung der Energiezufuhr auf 15 Watt/cm s 
im Tierversudr konntcn nur relativ geringe Sdhadigungen erzielt 
werden. Die beim Edioimpulsverfahren zugefuhrte Energie liegt 
aber nodi weit unter den genannten Werten: Sie liegt grofien- 
ordnungsmaBig bei einigen Milliwatt/cm*. Dies bedentet, daB 
bei Anwendung in der Sdiwangerscbaft keine Fruditsdiadigung 
zu befiirditen ware, 

Die Abb. 7 und 7a zeigen das Beispiel einer Sdiwan- 
gerscbaftsdiagnostik bei 30 cm langem Foten, wobei die 
Bildebene bei unserem Geriit automatisch — um 2 mm 
versdioben wurde. Es handelte sidi bier um einen drohen- 
den Spatabort. Deutlidi sind der Schadel dei Frudit mit 
einem groBten Durdimesser von 4^5 cm und die Grenzen 
des Thorax zu erkennen. Einen abgestorbenen und stark 
mazerierten Foten bei partieller Blasenmole gibt die 
Abb. S wieder. 

Nadi unserer bisherigen Erfahrung verlieren die Ultra- 
sdiallediogramme an Eindeutigkeit, wenn das Sdiwanger- 
sdiaftsalter weniger als 4 Monate betragt, ebenso, wie dies 
praktisdi auch bei der Rdntgenaufnafmie der Fall ist. VGl- 
lig eindeutige Bilder erhalt man demgegenuber in fort- 
gesdirittenerem Scbwangerschaftsalter. Abb. 9 gibt den 
groBten Umfang eines kindlidien Schadels wieder, dessen 
Durdimesser ca. 8 cm betriigt. Abb, 10 zwei Schadel bei 
Zwillingssdiwangeisdiaft. 

Diskussion 

Fassen wir unsere bisherigen Eifahrungen mit der Ultra- 
schalldiagnostik in Gynakologie und Geburtshilfe zusam- 
men, so darf zunadist die im Vergleidi mit anderen Unter- 
sudiungen gute Bildqualitat unserer Ediogramme hervor- 
gehoben werden, Eine grQBere Eiiidringtiefe, wie sie naeh 
unseren bisherigen Ergebnissen wiinschenswert ware T 
muBte allerdings auf Kosten der Detailaufldsung gehen. 
Sie wiirde dennodi in der geburtshilflidien Diagnostik 
gxinstig sein. 

Ungeaditet einer mehr oder weniger verfeinerten Tedi- 
nrk durften die gezeigten Beispiele aber deutlidi gemadit 
haben, wo die Grenzen der Ultraschalldiagnostik in Ge¬ 
burtshilfe und Gynakologie grundsatzlidi liegen. Zweifel- 
los laBt sidi in der Gynakologie die Tumordiagnostik ver- 
vollstSndigen. Dabei lassen sidi GroBe, Form und Tiefe 
eines Tumors bestimmen, wohingegen Art und Ausgangs- 
punkt des Tumors nidit immer eindeutig diagnostiziert 
werden konnen. 

Auf geburtshilflidiem Gebiete ist es mdglich, mittels 
Ultrasdiall Fotale Teile von einer gewissen MindestgrbBe 
an zu identifizieren, was gelegentlidi zur Differentialdia- 
gnose : Sdiwangersdiaft/er^veidites Myom Bedeutung er- 
langen kann. Audi bei der Diagnostik einer Blasenmole 
kann das Ultrasdiallediogramm wertvoll sein, worauf in 
neuester Zeit Donald hingewiesen hat. Im Gegensatz zu 
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Abb. 10 


Abb. 10a 



Abb. 10: UltraschaUechogramme zweier kindlidier Sdiadel bei 
Zwillin gs-Sdi wangerschaft. 


Abb. 10a: Zu Abb. 10 gehorige Rontgenaufnalime, 


> 



diesem Autor sdieint ims die Mdglichkeit der Ultrasdiall- 
diagnostik einer Extrauteringraviditat nldht gegeben zu 
sein. Sither gelingt die GrdBenbestimmung alterer Foten 
mit UUrasdiall ebenso wie die Zwillingsdiagnostik. Des- 
gleidhen werden sich grdbere kindliche Miftbildungen in 
utero feststellen lassen. Ob ausgepragtere Formen von 
Hydrops fetus gemigend eindeutig zur Darstellung kom~ 
men, bleibt nodi zu untersuehen. 

Die Ultrasdiallechoimpulsdiagnostik hat somit im we- 
sentlidien die Eedeutong eioer diagnostisdien Zusatz- bzw. 
Erganzungsmethode* die keineswegs unmet 1 , wohl aber in 
vielen Einzelfalien eine Vervollstandigung des geburtshilf- 
lidten oder gynSkologisehen Untersuchungsbefundes ge- 
stattet. 

Zusa m me n f assn n g 

Die obigen Untersuduiiigen sollten AufschluG iiber die 
Frage geben, welche Bedeutung der UltrasdiaJldiagnostik 
in Gynakologie und Geburtshilfe beizumessen 1st. Es 
konnten in beliebigen Ebenen Schnittbilder im Bereidi des 
inneren Genitals angefertigt werden, deren Quail tilt in 
bezug auf Detailauflosung als gut bezeidinet werden darf. 


Die Untersudiungen haben ergeben, daB die Ultra¬ 
schalldiagnostik in der Gynakologie zum Nadiweis, zur 
GroBenbestimmung und zur Lagediagnostik von Tumoren 
geeignet ist. 

In der Geburtshilfe gestattet sie den Nachweis von ge- 
storten Sdtwangerschaften, von Mifibildungen und von 
Mehrlingsschwangerschaften und eignet sich speziell zur 
Messung der KindsgrdBe. 
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3.8 The prediction of fetal maturity by ultra-sonic 
measurement of the biparietal diameter 


Stuart Campbell (born 1936) 


Stuart Campbell was born 1936 in an industrial part of Glasgow. He spent his 
childhood in Paisley, to the west of Glasgow. Here he went to grammar school and 
then later to Glasgow University. He graduated from the Faculty of Medicine, 
University of Glasgow in 1961. After qualifying for his Membership of the Royal 
College of Obstetricians and Gynaecologists in England in 1965, Professor 
Campbell started his life-long career in ultrasonography and prenatal diagnosis. 
Working as a research registrar under Professor Ian Donald at the Queen Mother’s 
Hospital, University of Glasgow (opened in 1964 with a fully equipped ultrasound 
unit), Professor Campbell studied placentography and cephalometry with Dr. 
James Willocks, then senior lecturer in the department. Dr. Willocks published his 
studies on the A-scan measurement of the fetal biparietal diameter in 1962 and 
1964. In 1968, with help in modifying the Diasonograph scanning apparatus from 
Mr. John Flemming, then a research technologist engaged by the University of 
Glasgow, Professor Campbell described the use of both the A- and B-mode scans 
to measure the fetal biparietal diameter in his landmark publication “An improved 
method of fetal cephalometry by ultrasound ”. This elegant and practical ‘maneu¬ 
ver’ quickly became standard practice in an obstetric ultrasound examination for 
the next decade. In 1971, with improvements in the caliper system, he published 
normograms for the biparietal diameter from the 13th week of gestation and has 
made cephalometry a standard tool for the assessment of fetal growth and matu¬ 
rity. 

After his brief tenure at the Queen Mother’s Hospital, he took up in 1968 lectur¬ 
ership at the Institute of Obstetrics and Gynaecology at Queen Charlotte’s 
Maternity Hospital in London, working under Professor Sir John Dewhurst, and 
soon became senior lecturer in 1973 and Professor of Clinical Obstetrics & 
Gynaecology in 1976. There he described varying patterns of intrauterine fetal 
growth, the ‘late-flattening’ growth associated with fetal hypoxemia and the ‘low- 
profile’ variety associated with constitutional reduced growth. He reported the di¬ 
agnosis and management of a 17 weeks anencephaly in 1972 and the diagnosis of 
spina bifida by ultrasound in 1975. Both appeared as landmark papers in the 
Lancet. In collaboration with researchers at Guy’s Hospital, London, he was active 
in the study of maternal serum AFP and amniotic AFP levels and their relation¬ 
ship with neural tube defects. His group also looked at the fetal hourly urine pro¬ 
duction rate in 1973 with Juiry Wladimiroff from Rotterdam. In 1975 he described 
another landmark fetal measurement, the abdominal circumference and subse¬ 
quently its relationship with intrauterine fetal weight. 

Professor Campbell moved on to become Professor of Obstetrics and 
Gynaecology at King’s College Hospital Medical School, London in 1976. In the 
same year he followed on with the concept of head circumference to abdominal 
circumference ratio in the assessment of small-for-dates fetuses. In the following 
year, together with Dr. Charles Rodeck (now Professor) at King’s College, he pub¬ 
lished experience with ultrasound-guided fetoscopy and diagnosis of neurotube 
defects with gray-scale ultrasound. In 1980, with the advent of real-time ultra¬ 
sound scanners, his group described yet another landmark parameter, the fetal 
femur length in second trimester dating. 
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By about 1982, aside from looking at the various fetal malformations using real¬ 
time ultrasound, Professor Campbell had started systematic investigations in 
many other areas, including ovarian cancer screening with ultrasound, Doppler 
fetal and utero-placental blood flow in pathological conditions such as pre¬ 
eclampsia, ovarian follicular developments, routine ultrasound population 
screening, and umbilical and placental blood sampling. With the advent of trans- 
vaginal scanners and color flow mapping in the late 1980s, his group studied with 
renewed interest gynecological pathologies such as ovarian cancer, endometrial 
cancer, ectopic pregnancies and pelvic masses. In collaboration with his col¬ 
leagues in reproductive medicine, Professor Campbell developed various ultra¬ 
sound assessment criteria in enhancing the effectiveness of in-vitro fertilization 
programmes. Many of the large-scale studies were published as landmark papers 
in the British Medical Journal. Research in Doppler velocimetry, fetal interven¬ 
tional techniques and therapy were further expanded with the arrival of Dr. 
Kypros Nicolaides (now professor at King’s College) in the department. Fetoscopic 
laser surgery was one of the incarnations and has been found to be useful in con¬ 
ditions such as the twin-to-twin transfusion syndrome by sealing off the commu¬ 
nicating vessels. Professor Campbell moved on in 1996 to become Professor and 
Chair at the Department of Obstetrics and Gynecology and the Fetal Medicine 
Unit at St. George’s Hospital in London. 

Professor Campbell has served on the Council and committees of the Royal 
College of Obstetricians and Gynaecologists. He has been elected Honorary 
Fellow of the British Medical Ultrasound Society, the American College of 
Obstetricians and Gynecologists, the American Institute of Ultrasound in 
Medicine, the Italian Society of Echography in Obstetrics and Gynaecology and 
the Croatian Academy of Medicine. These are among the many honors and awards 
he has received throughout his career. He was made Doctor of Science by the 
University of London in 1996. 

Professor Campbell is probably the most well-known figure in the field of ob¬ 
stetrical and gynecological ultrasound to date and his contributions to the spe¬ 
cialty are truly legendary. His research in ultrasonography, prenatal diagnosis, fe¬ 
tal medicine and therapy span an incredible number of important areas and in his 
unfailing perseverance in breaking new ground in the last 30 years he has con¬ 
tributed to over 500 papers and articles and has been author or co-author of at 
least 100 books, monographs and book chapters. Professor Campbell has taught 
extensively as visiting professor in many major obstetrics and gynecology centers 
in the United States and Europe and has been invited keynote speaker at many im¬ 
portant international meetings. He was the President of the Section of Obstetrics 
& Gynaecology, Royal Society of Medicine in 1995 and was the founding President 
of the International Society of Ultrasound in Obstetrics and Gynecology (ISUOG) 
in 1990 (up to 1998) and founding Editor-in-chief of its journal - the Journal of 
Ultrasound in Obstetrics and Gynecology. In 1992, Professor Campbell received the 
Ian Donald gold medal from the ISUOG. His current interest is in 3-D ultrasound. 

In part excerpted with permission from the webside www.ob-ultrasound.net by 
Joseph Woo, MD, Hong Kong. Picture courtesy Joseph Woo, MD. 
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J. Obstet. Gynaec. Brit. Cwlth. 
July 1969. Vol. 76. pp. 603-609. 


THE PREDICTION OF FETAL MATURITY BY ULTRASONIC 
MEASUREMENT OF THE BIPARIETAL DIAMETER 

BY 

Stuart Campbell, Senior Registrar 

Institute of Obstetrics and Gynaecology, Queen Charlotte's Maternity Hospital, London, W.6 


The antenatal measurement of the fetal biparietal 
diameter by ultrasound has been used to predict 
fetal weight (Thompson et al., 1965) and more 
successfully to assess intrauterine growth (Wil- 
locks et al., 1967). By using both A and B scan 
display systems in combination Campbell (1968) 
obtained a high degree of accuracy and showed 
that the fetal head could be measured during the 
second trimester. This report indicated that from 
the 20th to the 30th week of pregnancy the 
biparietal diameter values were confined within 
narrow limits for a certain week of gestation, 
and that measurement during this period might 
be valuable in the prediction of fetal maturity. 
To test this hypothesis, a study was arranged in 
two parts. Firstly, patients in whom the duration 
of gestation was known and documented were 
studied to establish the normal growth pattern 
of the biparietal diameter during the second half 
of pregnancy; the information was then used to 
predict fetal maturity in patients in whom this 
was in doubt. 

Patients and Methods 

In order to prepare a normal curve, it was 
considered that the duration of gestation was 
known if a patient was sure of the date of her 
last menstrual period, if clinical assessment of 
uterine size agreed throughout pregnancy with 
the period of amenorrhoea, and if delivery 
following the spontaneous onset of labour 
occurred within one week of the expected date. 
In addition it was required that the baby should 
weigh more than 2-63 kg. which is the tenth 
percentile (Lubchenco et al., 1963) for 40 weeks 
gestation. There were 186 patients who fulfilled 
these criteria. 

Patients in the second part of the study 
consisted of 170 women who were referred for 


assessment because the fetal maturity was in 
doubt. In these cases there was either a discrep¬ 
ancy between the actual and expected uterine 
size in excess of two weeks, or there was absolute 
uncertainty about the date of the last menstrual 
period. A discrepancy was only accepted if it was 
found on more than one occasion by an experi¬ 
enced obstetrician (consultant or registrar grade). 
On the basis of information obtained in the first 
part of the study ( vide infra), only cases in which 
the fetal biparietal diameter was less than the 
upper limit for 30 weeks gestation were included. 

The method of cephalometry was as described 
by Campbell (1968) using the Diasonograph and 
Diasonoscope (Nuclear Enterprises, Limited). 
The position of the fetal head was first accurately 
determined by a two dimensional B scan display, 
and when the biparietal diameter was visualized 
a measurement by means of A scan was obtained. 
At the time of this study the electronic cursors on 
the A scan display, which are calibrated to 
convert time into distance, could not be fixed to 
echoes less than 4-9 cm. apart. For this reason, 
measurements before 20 weeks gestation were 
not obtained. All measurements were taken by 
one person. 

Results 

Part I. From the first group of patients a total 
of 471 individual observations of the fetal 
biparietal diameter were made from the 20th 
week of pregnancy onwards (Fig. 1). This shows 
that up to and including the 30th week of 
gestation growth is more rapid (mean 2-8 mm./ 
week) than in the last 10 weeks (mean 1 *5 mm./ 
week), and that in the later weeks of pregnancy 
the values show a wider scatter about the mean. 
It is probable, therefore, that for the purpose of 
predicting maturity, biparietal diameter values 
which fall into the 20 to 30 weeks range are more 
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Mean fetal biparietal diameter values ± 2 standard deviations for each week 
of gestation during the second half of normal pregnancy in 186 patients whose 
gestation was known (471 individual measurements). 


useful. There were 173 measurements in this 
range and these are shown in relation to the 
duration of gestation in Figure 2. There is a high 
degree of positive correlation (r = +0-9810) 
and this is statistically highly significant (t — 
21 ♦ 15 PcO'OOl), A regression line was fitted to 
the data and 5 per cent confidence limits drawn. 
This shows that for a given head measurement 
the regression line will predict the true week of 
gestation + 8-4 days in 95 per cent of cases. 


Part II. Table I shows the eventual outcome 
of the 170 pregnancies in which predictions of 
maturity were made; 106 patients went into 
labour spontaneously with the delivery of a 
mature baby and were considered to have been 
delivered at term; in 27 patients labour was 
induced for postmaturity and these will be 
considered further; in 37 patients labour was 
induced for reasons other than postmaturity > or 
they were delivered of babies which weighed less 
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Table T 

Outcome of pregnancy in 170 antenatal patients 



referred for measurement 


No. of 

cases 

Eventual outcome 

Included in 
study 

106 

Spontaneous labour and 
delivery 

Yes 

27 

Induced for post maturity 

Yes 

37 

Induced for other reasons 
or baby <2-63 kg. 

No 

Total 170 




than 2-63 kg. and were excluded from the study. 

All predictions in Part II patients were made 
by using the regression line (Fig. 2 ) and were 
taken to the nearest week of gestation. In each 
case a day of delivery was subsequently deter¬ 
mined, counting forward from the day of 


measurement. This was done so that the expected 
delivery date calculated from the ultrasonic 
measurement (Ultrasonic E.D.D.) and that 
calculated from the patient's last menstrual 
period (Calculated E.D.D.) could be compared 
in relation to the final outcome. 

Figure 3 shows the distribution of discrepan¬ 
cies between all the ultrasonic estimates and the 
actual dates of delivery. 

As the confidence graph indicated that the 
duration of gestation could be correctly predic¬ 
ted ± 8-4 days in 95 per cent of cases, it was 
decided that all predictions which fell within 9 
days of the actual date of delivery would be 
regarded as correct. Conversely all predictions 
which fell outside this limit were considered 
incorrect. Table II shows that of the 106 patients 
who started labour spontaneously the ultra¬ 
sonic E.D.D. was incorrect in 17 cases (16 per 



Fig. 2 

Fetal biparietal diameter values plotted against each week of gestation from the 20th to the 30th week 
of normal pregnancy. A regression line and 5 per cent confidence limits have been drawn (173 

individual mcas u remen ts). 
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date was significantly better by ultrasound than 
by accepting the patients dates (x 2 = 13*996 
P <0*001). 

The 96 cases who had both an ultrasonic and 
calculated E.D.D. were divided into two groups 
depending on whether these predictions agreed, 
i.e. fell within one week of each other, or 
disagreed, i.e. were one week or more apart. 
There were 57 cases in which there was agree¬ 
ment, and Table III shows that there were 9 
errors (15*8 per cent) with the ultrasonic 
prediction and 7 errors (12*3 per cent) when the 
calculated E.D.D. was accepted. There is no 
statistically significant difference in this distribu¬ 
tion (x 2 = 0*07 P>0*7). In 39 cases the ultra¬ 
sonic E.D.D. and calculated E.D.D. were not in 


Table II 

Prediction of the date of delivery in all patients having a spontaneous delivery 




Number of cases 


Method of assessment of maturity 

Prediction 

correct 

Prediction 

incorrect* 

Total 

Ultrasound .. .. .. . 

.. 89 (84%) 

17(16%) 

106 

Calculated from date of last menstrual period 

• • 57(59-4%) 

39 (40 -6%) 

96f 


X 2 = 13-996. P <0-001. * An error is >9 days from the date of delivery, 

t 10 patients were uncertain of the date of their last menstrual period. 



Fig. 3 

Distribution of discrepancies in days between all the 
ultrasonic predictions and the actual date of delivery. 

cent). In the 96 cases with a calculated E.D.D., 
39 (40-6 per cent) of the predictions were 
incorrect. The overall prediction of the delivery 


Table III 

Prediction of the date of delivery in patients in whom ultrasonic E.D.D. and calculated E.D.D. agreed 

(i.e. fell within 1 week of each other) 


Method of assessment of maturity 

Prediction 

correct 

Number of cases 

Prediction 

incorrect 

Total 

Ultrasound . 

.. 48 (84-2%) 

9(15-8%) 

57 

Calculated from date of last menstrual period 

.. 50(87-7%) 

7(12-3%) 

57 

X 4 = 0-07. P >0-7. 

Table IV 




Prediction of the date of delivery in patients in whom ultrasonic E.D.D. and calculated E.D.D. did not agree 

(i.e. were 1 week or more apart) 




Number of cases 


Method of assessment of maturity 

Prediction 

Prediction 

Total 


correct 

incorrect 

Ultrasound . . 

.. 34(87-2%) 

5(12-8%) 

39 

Calculated from date of last menstrual period 

.. 7(17-9%) 

32 (82-1%) 

39 


X 2 = 34*758. P <0-001. 
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agreement (Table IV). The ultrasonic prediction 
was in error in 5 cases (12-8 per cent) and the 
prediction from the patient's dates was in error 
in 32 cases (82 -1 per cent). This difference is 
statistically highly significant (x 2, = 34-758 
P <0-001), 

Comparing the two groups, the errors in the 
ultrasonic predictions were not significantly 
different ( x 2 = 0-0012 P >0-9) while the 
difference between the calculated E.D.D. errors 
was highly significant (# 2 = 43-884 P <0 001), 
This indicates that ultrasonic measurement can 
successfully separate those cases in which there 
is a mistake in the calculated maturity from those 
in which there is not 

The only accepted clinical sign indicating an 
error in the calculated maturity of the fetus was 
a discrepancy between the actual and the expected 
size of the uterus and this varied from 3 to 8 
weeks. In order to determine if the size of this 
discrepancy might give an indication whether 
the calculated maturity was correct or in error 
the 96 cases were divided into two groups. In the 
first group the dates—uterine-size discrepancy 
was 3 or 4 weeks and in the second the discrep¬ 
ancy was more than 4 weeks (Table V). There 
were 68 cases in the first group of which 27 


(39 - 7 per cent) of the predictions were incorrect. 
The second group of 28 cases had 12 errors 
(42-9 per cent). There was no statistically 
significant difference between the two groups 
(x z — 0-0003 P >0-9), indicating that the 
degree of the discrepancy between the actual and 
expected uterine size did not help to distinguish 
those whose calculated maturity was in error 
from those who were normal. 

Only in 10 cases was the patient totally unsure 
of the date of her last menstrual period. This is 
too small a group for statistical analysis, but the 
number of incorrect predictions was highest in 
this group (3 cases), 

A total of 27 cases were induced solely because 
they were considered to be postmature. In 25 of 
these cases, the patient was between 12 and 14 
days past her calculated E.D.D. These cases 
were combined with the 96 cases in which labour 
started spontaneously in order to determine the 
induction rates when the ultrasonic E.D.D. and 
calculated E.D.D. were in agreement and when 
they were not in agreement (Table VI), In the 65 
cases where there was agreement, 8 were induced 
(12-3 per cent). In the 56 cases in which the 
ultrasonic E.D.D. and calculated E.D.D, dis¬ 
agreed, 18 patients were assessed by ultrasound 


Table V 

Prediction of the date of delivery calculated from the date of the last menstrual period 




Number of cases 


Degree of dates—'Uterine size discrepancy 

Prediction 

correct 

Prediction 

incorrect 

Total 

3 or 4 weeks 
>4 weeks 

.. 41(60*3%) 

.. 16(57-1%) 

27(39*7%) 

12(42-9%) 

68 

28 

X s = 0 0003. P >0-9. 




Table VI 

Inductions of labour for postmaturity 



Number of cases 


Onset of 
labour 


Ultrasonic E.D.D. 
and 

calculated E.D.D. 
agree 


Ultrasonic E.D.D. and calculated 
E.D.D. disagree 


Big by ultrasound Small by ultrasound 


Total 


57 

8(12-3%) 


16 

2 ( 111 %) 


23 

15(39-5%) 


96 

25 ( 20 - 7 %) 


Spontaneous 

Induced 
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to be “big for dates”, of whom 2 were induced 
(11*1 per cent), and 38 to be “small for dates”, 
of whom 15 were induced (39-5 per cent). A 
significantly greater number of patients were 
induced in this “small for dates” group than 
when the ultrasonic and calculated maturities 
agreed (x 2 = 8-698 P<0-005). Two patients in 
whom labour was induced for postmaturity 
could not be classified with those described 
above. In the first the maturity was assessed by 
ultrasound to be 27 days greater than that 
calculated from the date of the last menstrual 
period. Labour was induced 18 days after the 
ultrasonic E.D.D. but 8 days before the calcu¬ 
lated E.D.D.; this baby weighed 4-1 kg. In the 
second patient the assessment by ultrasound was 
35 days less than that from the calculated 
maturity. Labour was induced 51 days after the 
calculated E.D.D. and 16 days after the ultra¬ 
sonic E.D.D.; this baby weighed 3*4 kg. and was 
delivered by Caesarean section for inco-ordinate 
labour and fetal distress. 

Discussion 

These results indicate that measurement of 
the fetal biparietal diameter from the 20th to the 
30th week of gestation is clinically useful in the 
estimation of fetal maturity. The accuracy of this 
technique in predicting the day of delivery 
compares favourably with other methods of 
estimating maturity although these have not 
been subjected to assessment in the same way. 
It should be stressed that there is not necessarily 
disparity between the expected error incidence 
from the regression line and that obtained in the 
study. The regression line predicts correct 
gestation ± 9 days in 95 per cent of cases. A 
similar result would only be obtained in predic¬ 
ting a date of delivery if the duration of every 
pregnancy was 40 weeks ± 7 days, which is 
almost certainly not the case (Park, 1968). 

The method depends on the fact that before 30 
weeks gestation, fetal head growth is rapid and 
the biological variation in the biparietal dia¬ 
meter measurement for each week of gestation is 
small. This may be because the parietal eminences 
are less well developed during this period than 
in the later weeks. Figure 1 indicates that 
prediction of maturity from a biparietal dia¬ 
meter measurement after 30 weeks gestation 


would be less reliable owing to the greater 
“overlap” of readings from week to week, 
though clinically useful results might be obtained 
up to 34 weeks. 

The two clinical signs most used by obstetri¬ 
cians in the assessment of maturity are the date 
of the onset of quickening and the assessment of 
uterine size in the second trimester. The first 
sign is too subjective to be of more than marginal 
value and the second has been shown by this 
study to be frequently misleading. The most 
commonly used investigation to predict fetal 
maturity is an X-ray examination of the fetus 
during the last few weeks of pregnancy. Because 
of the biological variation in fetal size, ossifica¬ 
tion centres and subcutaneous fat during this 
period, there are limitations as to its accuracy 
(Dee et al., 1966). More recently Brosens and 
Gordon (1966) described a method of estimating 
maturity by cytological examination of a speci¬ 
men of liquor obtained by amniocentesis and 
stained with Nile Blue sulphate. This method is 
useful after 36 weeks maturity but is not specific 
for a particular week (Bishop and Corson, 1968). 

Possibly because present ancillary investiga¬ 
tions are only of help during the later weeks of 
pregnancy, most obstetricians feel that this is the 
most valuable time to obtain information as to 
the maturity of the fetus. There are occasions, 
however, when accurate estimation of maturity 
is of extreme value during the second trimester, 
especially when intrauterine transfusion of the 
fetus or premature delivery is contemplated. 
Furthermore, an early estimation of maturity 
would obviate repeated amniocentesis and 
X-ray examination later in pregnancy when the 
fetus was found to be “small for dates”. As most 
patients in the United Kingdom attend for 
examination during the second trimester and 
most dates to uterine-size discrepancies become 
apparent at this time, an ultrasonic measurement 
of the biparietal diameter would be a useful 
investigation. 

The significantly higher incidence of induction 
of labour in those cases that were diagnosed by 
ultrasound as being less than the calculated 
maturity, strengthens a well-known feeling 
among obstetricians that many inductions for 
postmaturity are performed unnecessarily before 
the fetus is truly postmature. It may be that a 
routine ultrasonic measurement of the biparietal 
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diameter in the second trimester in all antenatal 
patients would reduce the number of inductions 
of labour and that more attention could be paid 
to cases of true postmaturity. Certainly in those 
maternity hospitals where ultrasonic equipment 
is available, routine assessment of the fetal 
biparietal diameter would be practically feasible 
as the method is safe, causes no discomfort to 
the patient and rarely takes more than ten 
minutes. 

Summary 

Fetal biparietal diameter measurements were 
taken during the second half of pregnancy in 186 
antenatal patients who were considered to be of 
known maturity in order to study the normal 
growth pattern. From this it was concluded that 
the correct duration of gestation could be 
predicted ± 9 days in 95 per cent of cases, 
providing the measurement was taken during 
the period from the 20th to the 30th week of 
pregnancy. 

Clinical assessment of the method was also 
carried out in 170 antenatal patients in whom 
fetal maturity was in doubt. The maturity as 
calculated from the last menstrual period was 
incorrect in 41 per cent of patients who subse¬ 
quently started labour spontaneously and were 
delivered of mature babies. Ultrasonic measure¬ 
ment of the biparietal diameter distinguished 
between those in whom the calculated maturity 
was correct and those in whom it was not. The 
degree of discrepancy between the expected and 
actual uterine size did not distinguish between 
these two groups. Delivery occurred within 9 
days of the date predicted by ultrasonic assess¬ 
ment in 84 per cent of patients in whom labour 
began spontaneously and who were delivered of 
mature babies. 


In those cases in which ultrasonic measure¬ 
ment indicated that the fetal maturity was less 
than that calculated from the last menstrual 
period, labour was induced in 39 per cent of 
patients for postmaturity, compared with only 
12 per cent when the ultrasonic and calculated 
maturities agreed. 
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3.9 Development of an ultrasonic system 

for three-dimensional reconstruction of the fetus 


Kazunori Baba (born 1952) 


Kazunori Baba was born in 1952. He graduated Bachelor of Engineering from the 
University of Electro-Communications in 1975. He entered medical school at 
Osaka University and graduated MD in 1979. In 1985 Baba became an Instructor at 
the Department of Obstetrics and Gynecology, University of Tokyo. He is present¬ 
ly Associate Professor at the Department of Biomedical Engineering, Graduate 
School of Medicine, University of Tokyo. Furthermore he holds the position as 
Obstetrician and Gynecologist at the Department of Obstetrics and Gynecology, 
Saitama Medical Center, Saitama Medical School and the Department of 
Obstetrics and Gynecology, Tokyo Women’s Medical University. 

Baba first reported on a 3-D ultrasound system in 1984 and succeeded in 
obtaining 3-D ultrasound fetal images by using a mini-computer in 1986. This was 
reported in Acta Obstetrica et Gynaecologica Japonica. He also applied this system 
to placental blood flow and breast disorders in 1990 to 1991. Baba wrote a compre¬ 
hensive book on diagnostic ultrasound in obstetrics and gynaecology including 
3-D ultrasound in 1992 and edited “Three-dimensional ultrasound in obstetrics 
and gynaecology” (Parthenon Publishing), the first book devoted entirely to 3-D 
ultrasound, in collaboration with Davor Jurkovic in London in 1996. In the mid- 
1990s, Baba collaborated with ALOKA on technology developed at the Biomedical 
Engineering Department of Tokyo University and was a driving force in the devel¬ 
opment of commercial 3-D ultrasound equipment in Japan, and indeed world¬ 
wide. In November 1996, with technical assistance from Takashi Okai and Shiro 
Kozuma from ALOKA, Baba published in the Lancet initial experience with real¬ 
time processible 3-D, which was a procedure simpler than conventional 3-D ultra¬ 
sound rendering basedg on the method of ‘acoustic impedance thresholding’ to 
identify fetal surfaces in the amniotic fluid. Image quality was very high and 
required less expensive computers to make the calculations. Baba was invited 
to speak at the first World Congress on 3-D Ultrasound in Obstetrics and 
Gynaecology in Mainz in 1997 and the second congress in Las Vegas in 1999. 

Baba has also been heavily involved with teaching of ultrasonography. He has 
been active in promoting conventional 2-D ultrasound and Doppler ultrasound in 
obstetrics and gynecology. He has given many educational lectures and made 11 
videos and written many articles in books and magazines. In 1993 he published: A 
manual of diagnostic ultrasound in obstetrics and gynaecology which was a sev¬ 
en-part video series. He also developed a control system for an artificial uterus 
and succeeded in incubating a goat fetus in the artificial uterus for 3 weeks and is 
also involved in the development of an artificial heart. 

Dr. Baba has been a member of the editorial board of “Ultrasound in Obstetrics 
and Gynecology ” and u The Ultrasound Review of Obstetrics and Gynecology ”. 

In part excerpted with permission from the webside www.ob-ultrasound.net by 
Joseph Woo, MD, Hong Kong. Picture courtesy Joseph Woo, MD. 
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Original articles 


J. Perinat. Med. Development of an ultrasonic system for three-dimensional reconstruc- 
17 (1989) 19 tion 0 f f e t us 


Kazunori Baba 1 , Kazuo Satoh 1 , Shoichi Sakamoto 1 , Takashi Okai 2 , and Shigco 
Ishii 2 

department of Obstetrics and Gynecology, Saitama Medical Center, Saitama 
Medical School, Japan 

2 Faculty of Medicine, University of Tokyo, Japan 


1 Introduction 

In recent years, diagnostic imaging using ultra¬ 
sonic tomography has been commonly used in the 
field of obstetrics. But the ultrasonic diagnostic 
devices available at present can capture only one 
section of the fetus. We have developed a system 
for ultrasonic three-dimensional reconstructions 
of the fetus in order to facilitate the understanding 
of the three-dimensional structure of the fetus and 
also to make three-dimensional recording possible. 
Here we describe this system. 


2 Principle 

The procedure for 3-D reconstruction of the fetus 
from ultrasonic tomographic images is illustred in 
figure 1. Successive parallel ultrasonic tomo¬ 
graphic images are entered into a computer to¬ 
gether with positional information. The computer 
extracts the part of the fetus from each tomo¬ 
graphic image and builds up these images three- 
dimensionally according to the positional infor¬ 
mation. 

The principle of three-dimensional (3-D) display 
is illustrated in figure 2. The direction of a viewing 
point relative to the three-dimensionally recon¬ 
structed fetal image is designated. The plane of 
projection vertical to this direction is assumed. 
The brightness of each element of the picture on 
the plane of projection is determined proportion¬ 
ally to the distance between the picture element 
and the fetal image. In other words, the shorter 
the distance, the brighter the pictorial element, 
and the longer, the darker that element. It is pos- 

© 1989 by Walter de Gruyter & Co. Berlin • New York 
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sible to visibly appreciate the fetus three-dimen¬ 
sionally by regenerating this projection plane on 
the monitor TV [1]. 

3 System and methods 
3.1 Configuration 

The configuration of the system that we have 
developed is shown in figure 3. The data from the 
position-sensor attached to an ultrasonic probe 
are entered into a microcomputer, where they are 
converted into a form that can be recorded on a 
video tape as an image. This new image is simul¬ 
taneously superimposed on the ultrasonic tomo¬ 
graphic image and recorded on the video tape [2]. 
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Figure 1 . Procedure for 3-D reconstruction of the fetus 
from ultrasonic tomographic images. 


Thereafter, these new data on the video tape are 
entered into the minicomputer. This minicomputer 
produces three dimensional reconstructions, and 
using computer-graphics displays the images 
which were generated on television monitor. 

Separation of data acquisition from data entry 
was done in order to make the examination time 
for patients as short as possible, so that discomfort 
to the patients was reduced and the effect of fetal 
movement was minimised. 


3.2 Position sensor 


viewing point 



Figure 2. Principle of 3-D display. 

| Ultrasonic Scanner | | Probe Position Sensor | 

1 1 

Superimposer | c -- ["" Micro-Computer ~ 

[ video Tape Recorder I 

: I 

®8ss{ Video Tape 

J Computer Room 

| Video Tape Recorder | 

[Computer VAX11/780| 

I CRT ~1 

Figure 3. Configuration of our system. 


Either a real-time linear array probe of an ultra¬ 
sonic scanner SONOVISTA-PX (Mochida Co., 
Ltd.) or a convex array probe of an ultrasonic 
scanner SSD-280 (Aloka Co., Ltd.) was mounted 
on the position-sensing arm of a manual com¬ 
pound scanner MSU-lOc (Aloka Co., Ltd.) in 
order to detect the position of the probe (Figure 
4). The position detecting components are 
mounted on the bench in such a way as to have 5 
degrees of freedom of movement as shown in 
figure 4 to enable the plane to be measured to be 
set easily. 


3.3 Recording system 

A microcomputer CZ-802C (Sharp Co., Ltd.) is 
used to convert the positional information to the 
recording of an image on a video tape. This image 
is superimposed onto the ultrasonic tomographic 
picture simultaneously using a superimposer CZ- 
8DT (Sharp Co., Ltd.) and recorded on the video 
tape. The ultrasonic tomographic image with its 
positional information is shown in Figure 5. Each 
length of 3 lines on the right side represents the 
position (vertical and horizontal) and orientation 
of the probe when the tomographic image was 
recorded. 

The speed of collection of the positional data and 
rewriting to the vedeo RAM in the microcomputer 
is so fast that the positional display can fellow 
rapid motion of the probe without any resulting 
flicker. 

3.4 3-D Reconstruction and display 

A minicomputer VAX11/780 (DEC) system was 
used for both the 3-D reconstruction and 3-D 
display. A repeating video tape through column 
feeding in the computer room, necessary images 
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Figure 4 , A real-time linear array probe mounted on a 
position sensing arm of manual compound scanner. 


were input to this minicomputer on the basis of 
positional information of the probe displayed on 
the monitor TV. The image of the anterior uterine 
wall was excluded to define that of the fetus more 
clearly. Simultaneously, the data were compressed 
in the format of 128 by 128 picture elements which 
were then piled up in the memory of the minicom¬ 
puter as 3-D data. The threshold level of bright¬ 
ness was designated in such a way that the fetus 
could be separated from the amniotic fluid. There¬ 
after, the 3-D images are displayed on a monitor 
TV using computer-graphics. 


4 Results 

Figure 6 shows the image generated by our system 
of a normal fetus of 19 weeks gestation in utero 
and is the composite image reconstructed thrce- 
dimensionally from 48 segments of ultrasonic tom- 



Figure 5. Ultrasonic tomographic image with its positio¬ 
nal information superimposed. 


ographic images taken at 2 mm intervals. This 
image shows the true shape of this 19 week ges¬ 
tation fetus in a flexed posture. 

The probe was gently placed on the abdomen of 
the pregnant woman who was lying in a supine 
position and was then moved horizontally from 
the crown to the rump of the fetus to collect the 
data. The transverse images thus obtained were 
recorded on video tape. Since it takes only a few 
seconds for this data collection by ultrasonic in¬ 
spection there is no effect of fetal movement. 

Approximately 12 minutes are then required for 
further processing, that is, 10 minutes for the data 
input and 2 minutes for the 3-D reconstruction 
and display. 

Figure 7 shows the three-dimensional image of 
twins at a gestation of 15 weeks, reconstructed 
from 54 pieces of ultrasonic tomographic images 
taken at 2 mm intervals. 


5 Discussion 

Comparison of the computer-generated image 
(figure 6) with a photograph of a fetus aborted at 
18 weeks, (figure 8) provides us with good evidence 
of the usefulness and fidelity of our new system 
for visibly demonstrating the fetus in utero. A 
large head, an arm, a constricted wrist, a gripped 
hand, legs, heels and toes are easily identifiable. 
However, noise was a bar to the reproduction of 
an image with a surface as smooth as that of the 
actual fetus. Using the conventional tomographic 
image (figure 9) it is not easy to distinguish a twin 
from a singleton pregnancy unless an understand- 
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Figure 6. Computer-generated image of a normal fetus 
of 19 weeks gestation in utero. 



Figure 7, Computer-genera ted image of twins at 15 weeks 
gestation. 



Figure 8. An aborted fetus at a gestational age of 18 
weeks. 



Figure 9, An ultrasonic tomographic image of twins at 
a gestational age of 15 weeks. 


able explanation is given. Even if it is identified 
as a twin, it is not clear how the two fetuses are 
disposed. However, as shown in Figure 7 , the 3 -D 
reconstructed image obtained with our system vis¬ 
ibly demonstrates twins and shows that one is in 
the breech position while the other is a vertex 
presentation. 

Amniography and feto-scopy may provide us with 
a more comprehensible shape of the fetus than the 
ultrasonic 3 -D reconstructed image given by our 
system. However* these are invasive techniques 
and they cannot safely be repeatedly performed. 
On the other hand, ultrasonic 3 -D reconstructed 
imaging is a non-invasive technique and can be 
performed repeatedly. Moreover by changing the 
position and direction of the viewing point* it 
allows easy appreciation of a solid object. 

Use of this system is limited to cases in which the 
fetus is sufFiciently separated from the anterior 
wall of the uterus. But if confined to a part of the 
body such as the face or hands, it is applicable 
even to the fetus at term. 

The processing time of our computer system is too 
long for routine clinical application. But devel¬ 
opment of computer systems for industrial appli¬ 
cations which use high speed 3 -D displays* such 
as CAD (Computer Aided Design) are rapidly 
being developed present and if these are applica¬ 
ble, the clinical use of our system in a real-time 
mode is highly likely in future when it can be 
connected directly with the ultrasonic diagnosis 
device. 

Future applications of this system to the screening 
for fetal anomalies and abnormalities of fetal 
growth are highly likely to be developed. 
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Summary 

The ultrasonic diagnostic devices available at present 
can only represent one section of the fetus. We have 
developed a system for three-dimensional reconstruction 
of the ultrasonic fetal image in order to facilitate the 
understanding of the 3-D structure of the fetus and also 
to make 3-D recordings of this image. 

Eitehr a real-time linear array probe or a convex array 
probe of the ultrasonic scanner was mounted on a po¬ 
sition sensing arm of a manual compound scanner in 
order to detect the position of the probe. 

A microcomputer was used to convert the positional 
information to a recording of a visual image of video¬ 
tape. This image was superimposed onto the ultrasonic 
tomographic image simultaneously using a superimposer 
and was recorded on the video tape, thereafter, being 
recalled by the image processing minicomputer. 


The minicomputer VAX11/780 (DEC) system was used 
for 3-D reconstruction and 3-D display. In the memory 
system the image of the anterior uterine wall was iden¬ 
tified and subsequently excluded in order to visualise the 
fetus more clearly. The threshold of brightness was set 
to a high level so that the fetus could be separated from 
the amniotic fluid. The fetus was displayed three-dimen- 
sionaily using computer graphics. 

Using this system, we have made it possible to obsereve 
the whole image of the fetus in utero non-invasively. 
This system offers a method for easier understanding of 
the 3-D structure of the fetus in utero and also makes 
3-D recording possible. 

In the future, we confidently expect that this system will 
be used for screening for fetal anomalies and abnor¬ 
malities of fetal growth. 


Keywords: Computer, fetus, image processing, three-dimension, ultrasonography. 


Zusammenfassung 

Entwicklung eines Systems zur sonografischen dreidimen¬ 
sionalen Darstellung des Feten 

Mit der bisherigen ultrasonographischen Diagnostik laBt 
sich lediglich eine Schnittebene des Feten darsteilen. Wir 
entwickelten ein System zur dreidimensionalen Rekon- 
struktion des Feten, um die raumlichen fetalen Struk- 
turen und deren Aufzeichnungen zu erhalten. 

Auf den Gelenkarm eines manuellen Compoundscanners 
wurden entweder eine Real-time-Sonde oder eine konvex 
angeordnete Sonde montiert, um die Position der Son- 
den zu bestimmen. 

Diese Informationen wurden uber einen Mikrocomputer 
so umgewandelt, daB eine bildliche Darstellung auf Vi- 
deobandern moglich wurde. Dieses Bild wurde mit dem 
ultrasonographisch-tomographischen Bild fiberlagert 
und nach Zurfickrufen durch den den Image-Processing- 
Minicomputer auf Cideo aufgenommen. 


Zur dreidimensionalen Rckonstruktion und Darstellung 
wurde ein Minicomputer-System (VAXII/780; DEC) be- 
nutzt. Im Memory-System wurde das Bild der Uterus- 
vorderwand eliminiert, um direkt das Bild des Feten zu 
erhalten. Der Schwellenwert fur die Wiedergabedeutlich- 
keit lag dort, wo der Fet von der Amnionflfissigkeit zu 
unterscheiden war. Der Fet wurde fiber eine Computer- 
graphik dreidimensional dargestellt. 

Dieses System ermoglicht, ohne invasives Eingreifen ein 
ganzes Bild vom Feten in utero zu erhalten. Es liefert 
einen leicht zuganglichen Weg zum Verstandnis der drei¬ 
dimensionalen fetalen Strukturen und macht eine drei- 
dimensionale Darstellung moglich. 

Die zukfinftige Anwendung dieses Systems ist vielver- 
sprechend im Hinblick auf die MiBbildungsdiagnostik 
sowie die Feststellung eines abnormen fetalen Wachs- 
tumsverhaltens. 


Schlusselworter: Computer, dreidimensionale Darstellung, Fet, Image-processing, Ultraschall. 


Resume 

Developpement d’un systeme pour la reconstruction echo- 
graphique a trois-dimensions du foetus 

Les appareils echographiques a visee diagnostique dis- 
ponibles a l’heure actuelle ne peuvent saisir qu’une coupe 
du foetus. 

Nous venons de developper un systeme pour la recons¬ 
truction echographique tri-dimensionelle afin de faciliter 
la comprehension de la structure tri-dimensionnelle du 
foetus et aussi de rendre Penregistrement tri-dimensionnel 
possible. 

Une sonde lineaire en temps reel, ou sonde convexe de 
Pechographe a ete montee sur le bras detecteur d’un 
lecteur manuel afin de detecter la position de la sonde. 


On a utilise un microordinateur afin de convertir Pin- 
formation de position en ce qui pourrait atre enregistre 
sur une bandc video comme une image. Cette image a 
ete superposee sur Pimage tomographique echogra¬ 
phique simultanement par un appareil a surimpression 
et enregistrees sur la bande video apres rappel par le 
miniordinatcur pour le traitement de l’image. 

On a utilise le systeme Miniordinateur VAXII/780 
(DEC) pour la reconstruction et la visualisation tri- 
dimensionnelles. Sur le systeme de memoire l’image du 
mur anterieur uterin a ete separee et climinee pour re- 
cueillir l’image du foetus. Le niveau de seuil de la clarte 
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a ete designe comme le plus eleve permettant la sepa¬ 
ration du foetus du liquide amniotique. Le foetus a ete 
visualise en trois dimensions en utilisant un graphique 
d’ordinateur. 

Ce systeme nous a permis d’observer l’image entiere du 
foetus in utero de fagon non invasive. Ce systeme facili- 

terait beaucoup la comprehension de la structure tri- 
dimensionnelle du foetus in utero et aussi rendrait Fen- 
registrement tridimensionnel possible. 

A Favour, on espere beaucoup que ce systeme sera tres 
utile pour examiner les anomalies du foetus et du deve- 
loppement foetal. 


Mots-cles: Echographie, foetus, ordinateur, traitement de Pimage, trois-dimensions. 
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Chapter 4 Digital Imaging 


Introduction 

The history of digital imaging goes back to the early 1930s. The country physician 
Helge Christensen developed an optical device with which images could be pho¬ 
tographed from the fluorescent screen onto 25-mm roll film. He employed this de¬ 
vice for 15 years in clinical routine. A. Bouwers from Oude Delft Enterprises, The 
Netherlands, continued these experiments in the 1940s using a 40-cm input screen 
and a 70-mm roll film. In Germany, Robert Janker used this ODELCA camera to 
take a large number of images in rapid succession because there was no longer a 
change of cassettes. Since 1937 there existed a patent from I. Langmuir for the elec¬ 
tron-optical intensification of a fluoroscopy image. But it was only in 1948 that 
J.W. Coltman, from Westinghouse, was able to develop the first X-ray image inten- 
sifier in electron-optical design. Finally in 1953 this image intensifier was ready for 
clinical use. These image intensifier systems underwent further development and 
became an independent image receptor system. Several authors demonstrated 
that system theory applies to transmission systems for X-ray images. Introduction 
of the modulation-transfer-function (MTF) helped to evaluate complete X-ray-tel¬ 
evision system. In 1967 Fenner from Siemens, Erlangen reported on the character¬ 
istic values of image intensifies and the use of electron-optical image intensifies 
in radiological diagnostics. Another landmark was the using of a cesium iodide 
input screen instead of the usual zinc-cadmium sulfide input, which produced 
brighter, better defined and higher-contrast images. Melvin R Judkins from 
Portland, Oregon and F. Mason Sones from Cleveland, Ohio were the first to use 
this new image intensifier technique successfully for coronary angiography. 

Pioneer work in digital subtraction angiography (DSA) was done at the end of 
the 1970s by the groups of H.P. Heintzen (1976) at the Department of Cardiovas¬ 
cular Surgery, University of Kiel, Germany, Nudelman (1977), Department of 
Radiology at University of Arizona, and Mistretta (1978) at University of 
Wisconsin. 

Digital imaging techniques were further developed in the 1980s when analogue 
to digital (A/D) converters and computers were also adapted to conventional fluo¬ 
roscopic image intensifier/TV systems. In 1980 Philips introduced the first digital 
subtraction angiography system, DVI (digital vascular imaging), which ushered in 
the digital age of conventional radiology. It made use of the image intensifier and 
television technique and converted the analogue signal into digital format. A 
number of DSA systems appeared in the mid-1980s. 

Another important technical improvement was developed in 1986. Siemens im¬ 
proved the image matrix standard from 512x512 to 1024x1024. First results in an¬ 
giocardiography with the HICOM digital system in 1990 showed for the first time 
serious competition for cine film. 

The conversion of the X-ray energy pattern into digital signals utilizing scan¬ 
ning laser-stimulated luminescence (SLSL) paved the way for a new technique in 
digital radiography. The basic principles were developed by the group of H. Kato 
at the Technology Development Center, Miyanodai, Fuji Film, Japan in 1983. An in¬ 
teresting prototype unit for digital chest radiography (DCU) was developed by GT 
Barnes and his group at the hospital of the University of Alabama in Birmingham 
in cooperation with the Advance Development Group, Picker International, 
Cleveland. In a first clinical field study over a six-month period 400 patients were 
examined during 1982-1983. The Philips Thoravision was the first digital chest ra¬ 
diography machine using a selenium detector for the market (Neitzel et al 1994). 

Accompanying the advances being made at the start of the digital information 
age ideas were developed to build up a complete digital diagnostic system for ra¬ 
diography and fluoroscopy. In 1995 D.L. Lee, L.K. Cheung and L.S. Jeromin patent¬ 
ed a new digital detector for projection radiography using a multi-layer structure 
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consisting of a thin-film detector array, selenium X-ray semiconductor, dielectric 
layer and top electrode. This prototype digital radiography technology electroni¬ 
cally converts X-ray photons into digital image data. 

In his article “Bringing the Missing Link to the All-Digital Department.” 
(Medical Imaging, November 1996, p.102) Jeffery H. Bell predicted the achieve¬ 
ment of the all-digital radiology department for the year 1998. This included con¬ 
ventional screen-film radiology which was the last remaining non-digital diag¬ 
nostic imaging modality. Digital radiography provides a one-step, direct capture 
of images in a digital format, which can then be immediately sent to a variety of 
display devices. The new technology allows conventional radiographic imaging to 
switch from a film-based system to a quick, easy and effective digital system. 

In 1997 John Rowlands and his group from the Imaging Research Program, 
Sunnybrook Health Science Centre, University of Toronto, Ontario, Canada, de¬ 
scribed the construction and evaluation of a projection real-time detector. For dy¬ 
namic X-ray imaging (“fluoroscopy”) they replaced conventional X-ray image in¬ 
tensifies with an active matrix flat panel device modified to include one of three 
innovative approaches: avalanche multiplication in selenium, intelligent pixels, or 
a novel photoconductor - mercuric iodide. 

During the next few years several authors described positive clinical results of 
full-size digital radiography detector arrays (Shaber et al 1997, Davros and Piraino 
1998, Sakurai et al 1998, Colls et al 1999, Uhrmeister et al 1999) One other impor¬ 
tant aspect in using new digital systems was the possibility of the reduction of the 
radiation dose (Freund et all 1997). 

Today, in several places digital radiography and fluoroscopy technology has 
taken the place of all conventional X-ray detector technologies. Hospitals are 
changing from handling analogue devices to digital systems. It seems that the FDP 
is now one key technology for the future of diagnostic radiology and the begin¬ 
ning of a new era of diagnostic X-ray systems. 
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4.1 Digital Processing of Videoangiocardiographic 
Image Series 


Rudiger Brennecke (born 1939) 


Rudiger Brennecke was born on n June 1939 in Arnsberg, Germany. In 1959 he 
started studying law but later changed to physics. He obtained the Diploma from 
the University of Gottingen in 1966. He became a research assistant in membrane 
biophysics at the Institute of Physiology of the University of Saarbriicken, 
Germany where he obtained the PhD in 1970. 

In 1973 he went to Kiel, Germany, as a collaborator of Paul Heintzen in digital 
imaging projects. Here Dr. Brennecke was appointed lecturer in medical physics. 
In 1983 he became director of the Biophysical Computation Laboratory of the 
Second Medical Clinic at the University Hospital Mainz. He was involved in proj¬ 
ects of X-ray and echocardiographic image analysis and wide area networks for 
interventional cardiology. 

In 1992 he founded the initiative “Integrating Cardiology Information Systems” 
and he organized the corresponding ESC workshops 1992-1998 on DICOM stan¬ 
dardization in cardiology. Dr. Brennecke retired in 2002 but is still active studying 
philosophy. 

Picture courtesy Rudiger Brennecke PhD, 2004. 



Joachim H. Btirsch (born 1936) 


Joachim Biirsch was born on 19 March 1936 in Kiel, Germany. He studied medicine 
at the universities of Kiel and Freiburg and obtained his MD in 1966. He took his 
postdoctoral training in pediatric medicine and pediatric cardiology at the 
Pediatric Department of the University Hospital Kiel (1966-1971). He was very in¬ 
terested in experimental cardiology and biomedicine and became a Research 
Fellow at the Department of Physiology of the Mayo Clinic, Rochester, USA (1971- 
1972). 

He became lecturer in 1973, associated Professor in 1978 and full Professor and 
director of the Department of Pediatric Cardiology at the University of Gottingen 
in 1988. 

Biirsch was appointed Director of the Centre of Pediatrics at the University of 
Gottingen (1993-1995). He was elected president of the German Society of 
Pediatric Cardiology and he was a delegate of the German Academy for Pediatric 
Medicine. In 1982 he was awarded the Harry Schaeffer Prize of the German Society 
for Cardiology. 

Picture courtesy Joachim Biirsch, MD 2004. 
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Paul H. Heintzen (born 1925) 


Paul Heintzen was born on 8 May 1925 in Essen, Germany. He attended primary 
school in Duesseldorf and in Hilden and obtained his high school degree (abitur) 
with excellent grades in 1943. 

From 1943-1945 Heintzen undertook military service in Russia and Italy. After 
the war he started his medical studies at the universities of Bonn and Duesseldorf. 
Paul Heintzen received his MD from the University of Duesseldorf in 1952 with 
summa cum laude. 

His clinical education was in Duesseldorf (internal medicine) and Muenster 
(physiology). In 1954 he started to build up the first cardiac catheter laboratory at 
the clinic for pediatric cardiology at the University of Kiel. In 1965 Paul Heintzen 
was appointed Professor of Internal Medicine at the University of Kiel and in the 
same year he started the Interdisciplinary Research Centre for Pediatric 
Cardiology and Biomedicine with support from the Volkswagen Foundation. 

In 1964 Heintzen started his research on video densitometry, firstly analogue 
and later using a digital technique. His systematic research on the quantitative 
transfer properties of the new X-ray image intensifier TV systems formed a basis 
for quantitative X-ray image analysis. As a result of his research he developed the 
concept of a filmless cardiac catheter laboratory. In 1969 for the first time in 
Europe he was able to build up a complete automation heart catheter technique. 
The way was now clear for the catheter laboratory to become fully digital. Because 
of the lack of industrial resources Heintzen started to develop digital media for 
the digital storage of complete angio-cardiograms. In 1980 he and his group devel¬ 
oped processes for the quantitative analysis of the structure and function of the 
cardiovascular system by using roentgen-video-computer techniques. 

Paul Heintzen is honorary member of the German Society of Biomedicine 
Technique (1991), the European Association of Paediatric Cardiologists (1993), the 
German Society of Paediatric Cardiology (1996), and the German Society of 
Cardiology (1999). He was appointed Fellow of the American College of 
Cardiology (1968), Fellow of the European Society of Cardiology (1988). In 2003 
he was awarded the highest order of the Federal Republic of Germany, the 
“Bundesverdienstkreuz”. 

Picture courtesy Paul Heintzen, MD, 2004. 
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DIGITAL PROCESSING OF VIDEOANGIOCARDIOGRAPHIC 
IMAGE SERIES USING A MINICOMPUTER 

R*Brennecke, T*K.Brown, J.Bilrsch, P*H*Heintzen 
Department of Pediatric Cardiology and Bioengineering 
Christian-AlbrechtB-Universitat,Frdbelstr*,Kiel, W *Germany 


Summary 

We report on the enhancement of angiocardio¬ 
graphic image**series by digital preprocessing 
methods including digitized image subtraction* 
integration,and nonlinear representation 
techniques. Examples from animal experiments 
are presented* Image-series handling and 
storage is simplified by combining a new 
method of digitally formatted video-tape 
recording with conventional digital storage 
of selected image data in the computer peri¬ 
phery. 

Introduction 

Current developments In the processing of 
cardiovascular images such as automatic re¬ 
cognition of ventricular borders and computed 
tomography require the capability of compu¬ 
terized handling of large amounts of data for 
Image acquisition, restoration,and analysis* 

We report on a new system which Simplifies 
video-angiocardiographic Image acquisition 
and preprocessing by a combination of analog 
and digital techniques* Primary applications 
of the system are digital image subtraction 
and integration* These techniques may help to 
attain adequate image quality with reduced 
amounts of injected dye* This is advantageous 
over conventional angiographic procedures 
where the rapid injection of relatively large 
amounts of high concentration dye can alter 
the parameters of heart action or blood flow 
under study* Animal experiments were per¬ 
formed to demonstrate the gain In the detecta¬ 
bility of small x-ray density-changes provided 
by digitized image subtraction and integration. 

Video-Computer-Interface 

Although there is a general trend to digi¬ 
tized picture processing, application of 
these methods to complete angiocardiographic 
image series has been limited by the need to 
analyse from fifty to several hundred frames 
per angiogram* As an example requiring the 
processing of large parts of an angiographic 
image series (up to 500 TV-fields), we des¬ 
cribe in this report a combined image sub¬ 
traction and image integration routine de¬ 
veloped for image enhancement* The problem 
of storing and handling these large amounts 
of data (up to JO Megawords (16 bit) per 
angiogram) at high data rates has been solved 
by combining digitally formatted video-recor¬ 
ding for computer-controllable mass storage 
with a fast digital disc for active storage. 

In our system, conventional video-tape recor¬ 
dings are used for the low cost, real time 
mass storage required by angiocardiograms 
(50 TV-fields/sec, 5 MHz bandwidth, up to 500 
fields per angiogram)* To facilitate computer 
controlled digitization of recorded video 
image series and the generation of a file or¬ 
ganization containing both image information 
and physiological data, digital parameters 
(TV-field number, patient code,etc*) as well 
as digitized physiological data (ECG,pressure) 
are stored on video tape in combination with 
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the video information. Fig .1 is a display of 
a TV-field with the bit pattern carrying 
these additional informations. Normally,this 
modulation is recorded in the invisible part 
at the begin of each TV-line* 



Fig*1; Digit!zed-data encoding used for com¬ 
bined video and physiological data storage 
on video tape. The bit pattern displayed at 
the left edge of the 7V-screen represents six 
digitized analog channels (12 bit each ,200 
Hz sampling-rate) and three digital channels 
06 bit each, 100 Hz sampling rate), together 
with synchronizing and error detection infor¬ 
mation . 

The components of the video-computer inter¬ 
face are shown In Fig*2* The video signal 
reproduced from video tape is read through a 
video-A/D-converter (43 Megabit/sec, 8 bit 
grey scale resolution) to a fast semicon¬ 
ductor buffer memory (matrix) capable of 
storing a whole TV-field (256 pixels x 256 
lines x 8 bit) at this rate. Images selected 
by reference to the simultaneously recorded 
physiological data or field number are trans¬ 
fer ed at a slower rate (typically 4 Megabits/ 
sec) from the matrix buffer to a digital disc. 
When this transfer is completed, a new TV- 
field is selected and read through the matrix 
buffer to the digital disc. Due to this dis¬ 
continuous mode of transfer, complete digiti¬ 
zation of an angiogram requires about 10 
replays. The digitization scheme described 
avoids the use of an expensive video disc 
recorder as required for stroboscopic samp¬ 
ling of image information by systems with a 
smaller digital high-speed buffer memory 
Additionally, the transfer of Image data from 
a hellcal-scan video tape recorder to a video 
disc may Introduce synchronization problems 
and it decreases the signal-to-noise ratio* 
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Pictures stored on digital disc can be trans- 
fered back to the digital matrix for conver¬ 
sion to a full grey scale levels), single 

field display on a TV-monitor. This semicon¬ 
ductor TV-fieId store avoids problems of 
time-base Jitter and tape wear, both critical 
in conventional stop action video reproduc¬ 
tions from video tape recorders and thus also 
enhances the use of previously developed 
methods of video image processing such as 
border outlining by an operator for ventri¬ 
cular volume determination. Moreover, com¬ 
puter processed pictures can be recorded 
through the matrix on video tape making the 
large capacity of this medium available for 
the storage of computer enhanced images. 

One of the disadvantages of video recording 
of angiocardiograms is that the signal-to- 
noise ratio of these recordings is markedly 
lower than that which can be provided by the 
x-ray TV-chaln, Fig,3 shows a scheme now 
being evaluated in our laboratory for noise 
reduction in video angiographic image recor¬ 
ding, One TV-field obtained before dye in¬ 
jection is digitized and stored in the ma¬ 
trix, This field is then digitally sub¬ 
tracted in real time from all succeeding 
Images of this angiogram (43 Megabit/sec 
burst data-rate). The resulting differences 
are multiplied by factors between*2 and 8 
and values exceeding the dynamic range of the 
D/A-converter are clipped. The output-signal 
of the D/A-converter r which represents ampli¬ 
fied temporal grey-level changes, is recorded 
on a standard video tape recorder. Preliminary 
results indicate that for small signals a 
gain In the sigrml-to-noise ratio of about 
6 dB can be obtained by recording amplified 
subtraction images instead of regular angio¬ 
grams. 

Image subtraction, integration, and 

subtraction-linage enhancement, 

Injection of contrast material into the 
circulation produces a local change in x-ray 
density. Taking one x-ray picture before dye 
injection and logarithmically subtracting it 
from an opacified picture on a pixel by pixel 
basis renders a value proportional to the 
densitiv change in the respective projection 
of the dye-filled vessel. These density 
values can be used for dimensional or flow 
measurements3»^. Image subtraction is also 
useful in suppressing background structures 
which can interfere with human or automated 
recognition of the shape of a dye-filled 
vessel when videometric analysis of heart 
volume or wall motion is performed 5. 

Although image subtraction is nearly a self- 
evident method of image enhancement , its 
success in angiocardiography depends on the 
capability of handling the large amount of 
Images involved at a reasonable expense while 
maintaining a high degree of spatial and 
temporal registration of background and 
opacified pictures. Photographic substraction 
- as compared to electronic techniques - is 
complicated by the problems of correct film 
exposure, controlled development, and the 
requirement of a perfect inverse relation 
between the background picture negative and 
the original, The video techniques of image 
storage and A/D-conversion used in our system 
provide a high degree of linearity in image 
brightness recording and good spatial 
registration. The selection of pictures with 
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Fig,2: Video-computer interface.Transfer 
of digitized video data from the matrix 
memory to the computer is controlled by 
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Fig,3: Real-time video Image subtraction for 
recording small temporal signal-changes on 
video tape with an improved slgnal-to- 
noise ratio. 
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good temporal registration - the background 
image must be recorded at the same heart 
phase as the opacified picture - is greatly 
simplified due to the combined recording of 
video x~ray images and digitally encoded 
physiological data such as ECG and pressure 
signals on video tape as described above. 
Logarithmic subtraction of imag^ selected by 
reference to the physiological data is per¬ 
formed by a digital computer. 

Averaging a number of selected subtraction 
images may enhance image quality due to one 
or several of the following effects: 

1 *) Averaging a set of adequately opacified 
subtraction images taken at the same heart 
phase during succeeding heart cycles in¬ 
creases the signal-to-noise ratio propor¬ 
tional to the inverse square of the number of 
images averaged if noise is additive and its 
value is normally distributed with mean aero 
6,7. Fig, 4 shows that one can expect these 
conditions to be approximated by x-ray video- 
image data recorded on magnetic tape* 

2. ) In some cases, non-ideal mixing of dye 
in the blood may be decreased by averaging 
subtree tion-images. 

3. ) In studies of blood flow in vessels,the 
Integration of series of succeeding sub¬ 
traction-images makes visible all parts of 
the circulation transversed by the bolus 
during integration tine. Anatomical and 
functional information otherwise obtained 
only subjectively by multiple replays of an 
angiogram is accumulated In one integration 
image. 

Fig*5 shows schematically the process of 
heart phase synchroneous image averaging 
and subtraction. In this example, two groups 
of four TV-fields each, one taken before dye 
injection and the other after opacification 
at the same heart phase are logarithmically 
averaged on a pixel by pixel basis and the 
two resulting averaged pictures are sub¬ 
tracted. Logarithmic conversion is performed 
before subtraction since the physical quanti¬ 
ty of interest - the change in x-ray density 
due to contrast material - is logarithmically 
proportional to the change in grey level.The 
curvature of the logarithmic transfer charac¬ 
teristic may introduce a rectification effect 
and thus render unsymmetrical the distribu¬ 
tion of noise amplitudes. This effect Is, 
however, neglegible as long as noise amplitu¬ 
des are small compared to the grey levels in 
the relevant parts of the x-ray images ana- 
lysed b * 

The result of image Integration and logarith¬ 
mic subtraction is x-ray density data. For a 
display, these have to be rescaled to the 
dynamic range of the output device, i.e., to 
the 2b& grey levels obtainable from an 8-bit 
video D/A-converter. The straight forward 
method of linear rescaling between the mini¬ 
mum and the maximum density values does usual¬ 
ly not provide adequate results since a few 
large subtraction artifacts can limit the true 
density data to a small part of the usable 
grey scale. In videoangiocardiographio sub¬ 
traction-images , artifacts arise from video¬ 
tape dropouts, catheter movement, and the 
time-base Jitter of the signal reproduced 
from the tape recorder. Due to this Jitter* 
the sharp brightness changes at the edge of 
the blanking circle of the video-camera give 



NUMBER OF 5UBTR . - IMAGES AVERAGED 


Fig.4; Decrease in RMS-noise amplitudes by 
averaging together increasing numbers of sub¬ 
traction images according to the scheme of 
Fig,5* The pictures processed were recorded 
at constant x-ray intensity. The standard 
and the mean deviation from the expected 
zero density change was calculated for 4 K 
pixels in the center of each of the four 
averaged subtraction-images. Mean brightness 
in this image region was about 40 % of maxi¬ 
mum brightness. The theoretical curve 
decreases inversely with the square root of 
images averaged* 
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Fig.j?? Schematic of the image integration 
and subtraction process. 
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rise to artifacts which are large compared 
to the minimum density changes to be observed. 


The last-mentioned source of subtraction- 
noise can be climated if one confines the res¬ 
caling process to a window which excludes the 
critical blanking circle. Two other methods 
suited for rescaling the whole density 
picture without windowing are schematically 
displayed in Fig,6. The special technique of 
grey level mapping shown derives the range of 
displayed density values from noise measure¬ 
ments, The standard deviation of noise may be 
deduced from background pictures as described 
in Fig.4* Negative values of density must be 
artifacts or noise (if the temporal registra¬ 
tion of the subtracted Images is perfect and 
the x-ray radiation intensity is stable) and 
thus generally may be clipped. Positive den¬ 
sity values are clipped at some multiple of 
the standard deviation (usually 5 S.D.). 
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However, useful information contained in the 
higher density values (e,g, the border be¬ 
tween the left ventricle and the aorta) may 
also be eliminated in this process. There¬ 
fore we additionally tested a non-clipping 
method of rescaling also shown in Fig.6. 
Histogram equalization Q assigns an equal 
number of pixels to each grey level of the 
output image. Thus, ideally each of the n 
grey levels of a rescaled picture which con¬ 
sists of N pixels occurs N/n times. The few 
pixels containing large density artifacts 
are thus confined to a small part of the grey 
scale. 

Applying this method to subtraction images 
which contain true density changes in only 
a small part of their total area (e.g. 
coronary arteriograms) may have the disadvan¬ 
tage that the large number of pixels with 
density values near zero force the information 
of the pixels containing true density changes 
to a small part of the grey-scale. Histogram 
linearization which is also shown in Fig.6 is 
a process which helps confine the noise to a 
smaller part of the grey-scale by assigning 
more pixels to a grey level in the noisy 
region of density data than at higher densi¬ 
ties , 

A qualitative assessment of the relative 
values of the described processing steps 
will be given in the next paragraph. 

Results 

A series of animal experiments was performed 
mainly in order to evaluate the improvement 
in the detectability of small amounts of dye 
by image subtraction, integration and sub¬ 
traction-image enhancement. From these ex¬ 
periments, we selected the following angio¬ 
grams: 

LV: Experiment LV was performed by injecting 
8 ml of 15 % Urografin info the left ventricle 
of an 18 kg pig (6?mg Urografin per kg body 
weight) during three successive diastolies 
while respiration was suspended. Injection 
flow was 10 ml/sec. Conventionally, in order 
to obtain an angiogram of high contrast, 
about 18 ml of 76 % Urografin (760 mg Uro¬ 
grafin per kg body weight) would have been 
injected during one heart cycle at a resul¬ 
ting flow rate of typically 20 ml/sec. 


Fig.6; Techniques for enhancing subtraction- 
images by nonlinear rescaling, 

PA: For experiment PA, 5 ml of 60 % Urografin 
(i6? mg Urografin/kg) were injected into the 
pulmonary artery of the same pig. Usually 
25 to 35 ml of 76 % dye (1050 to 1475 mg 
Urografin per kg) are necessary to obtain 
sufficient contrast for an angiogram of the 
left heart. Again, respiration was suspended 
during the experiments .“While these experi¬ 
ments were to show the contrast enhancement 
and noise reduction provided by digital image 
subtraction and integration, the third experi¬ 
ment AA was to document primarily the addi- 
tional advantage of image integration by ren¬ 
dering a coherent display of a vessel system 
transversed by a bolus of dye during integra¬ 
tion time. 

AA: 5 ml of 60 % Urografin were injected in 
this experiment at a flow rate of 40 ml/seo 
into the abdominal aorta of a pig. 

Fig.7 shows in its upper part the best 
opacified end diastolic pictures taken from 
experiments LV and PA. Below them are shown 
the images resulting from the digital sub¬ 
traction of one background picture taken in 
each experiment before dye injection from 
the displayed opacified pictures. 

Fig.8 demonstrates the effect of image 
averaging performed on end diastolic pictures 
taken from experiment PA. Each of the four 
segments of this picture, which were 
assembled using the computer, carries the 
quantity of background pictures and the 
quantitly of opacified pictures included into 
the averaging process 

An example of processing the angiogram ob¬ 
tained from experiment AA is shown in Fig,9. 
Every fourth TV-field was digitized. The 
four images of this series recorded imme¬ 
diately after dye injection and representing 
a time interval of 240 msec were subtracted 
from four background images and averaged to 
give a coherent image of all parts of the 
vessel system transversed by the bolus. 

All of the preceeding images were obtained 
by rescaling the calculated x-ray density 
data to the grey scale range of the video 
monitor by determining the maximum and minimun 
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Fi£^2i/Effect of image subtraction (Experi¬ 
ment LV and PA), The slightly opacified 
pictures in the upper row were subtracted 
from background pictures to produce the sub¬ 
traction images below* 


Fjg*8: Effect of image averaging (Experiment 
Pa ), The figures given in the inserts indi¬ 
cate the number of background and opacified 
pictures , respectively, used in the integra¬ 
tion and subtraction process. 



Fig-9; Effect of subtraction-image averaging 
(Experiment AA). The left part shows one TV- 
field recorded about SO msec after dye in¬ 
jection while the right part shows the effect 
of averaging four subtraction-images (2AO 
msec)■ 



Fig*10; Effect of different rescaling 
methods (Experiment LV)* 

LV; Linear rescaling after windowing* 

CP: Thresholding of linearly rescaled picture* 
HE; Histogramm equalisation, HL: Histogramm 
linearisation* 
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density values from the density distribution 
in a window positioned over the region of 
interest and its iimmediate neighborhood. 

Fig.10 shows a comparison of this rescaling 
method with the other techniques described in 
the proceeding paragraph. Here,the density- 
image obtained by averaging six end diastolic 
subtraction-images from experiment LV was lin¬ 
early rescaled by the windowing technique 
( LW),and nonlinearly by the clipping (CP), 
histogram equalization (HE) and histogram 
linearization (HL) methods shown schemati¬ 
cally in Fig.6. 

Negative density values were forced to zero 
prior to rescaling. The resulting large num¬ 
ber of pixels with zero density were excluded 
from the histogram modification processes. 

The parameter of histogram linearization was 
chosen to make the number of pixels per grey 
level greater by a factor of four at the low- 
density end of the grey scale than in the 
region of highest densities. This ratio helps 
to confine noise amplitudes near zero density 
to a smaller part of the grey scale as com¬ 
pared to the result of histogram equalization 
of the same image (HE).Thus, more grey 
levels are reserved for high-density values 
providing for a more detailed representation 
of the opacified ventricle. Normal linear 
rescaling between maximum and minimum density 
values of the full picture was omitted from 
this combination since the range of true 
density data occupied only less than ten 
percent of the difference between extremes. 

Fig. 11 compares the best opacified video 
image taken from experiment LV with a histo¬ 
gram equalized integration-image processed 
as described for Fig.10. The silhouette of 
the projection of the ventricle shown in the 
histogram equalized image compared well to 
the silhouette of the same ventricle as 
deduced from a regular higher contrast large 
dye-injection angiogram. 

Presently, the quantity of the processed 
image subtraction, integration, and sub¬ 
traction- image enhancement is mainly limited 
by the signal-to-noise ratio of the video¬ 
tape recording process. He hope to improve 
this ratio by subtraction-image video recor¬ 
ding as described in the second paragraph 
and Fig.A further problem of the methods 
described which has to be studied especially 
in the case of clinical application is the in¬ 
fluence of motion artifacts and their possible 
elimination by computerized image restoration. 

An immediate application of these image 
series acquisition, preprocessing, and dis¬ 
play options will be to interface them to 
our existing ventricular volume determination 
and contraction pattern analysis procedures 
(5) to increase their ease of handling,speed 
of operation, and, hopefully, accuracy of 
results. Another will be to reduce the amount 
of dye injected during videometric studies. 
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Fig.11: The information displayed at the 
right is extracted from a videoangiogram by 
image subtraction,Integration, and sub¬ 
traction-image histogram modification. The 
best opacified of the original pictures is 
shown at the left. 
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4.2 Computerized fluoroscopy in real time for 

noninvasive visualization of the cardiovascular system 


Charles A. Mistretta (born 1941) 


Charles A Mistretta was born on 5 January 1941 in Chicago, Illinois, USA. He was 
an undergraduate at the University of Illinois and obtained his BSc in engineering 
physics in 1962. In 1964 he was awarded his MSc in physics from Harvard 
University. His PhD thesis of 1968 also at Harvard University was on high energy 
physics and entitled “Pion Electroproduction Coincidence Experiments Near the 
First Pion-Nucleon Resonance”. 

His undergraduate research at the University of Illinois was on betatron and 
Mossbauer effect experiments. In 1968 he started his postdoctoral positions as 
research associate (1968-1970) and lecturer (1970-1971) at the Department of 
Physics at the University of Wisconsin, Madison. 

Charles Mistretta held faculty positions as Assistant Professor at the 
Departments of Physics & Radiology, U.W. Madison (1971-1972), Associate 
Professor at Department of Radiology, Medical Physics Section U.W. Madison 
(1974-1978), Professor Department of Radiology, Medical Physics Section U.W. 
Madison (1978-1982), and WARF Professor (1985-1986). In 1986 he became the 
John R. Cameron Professor of Medical Physics at the Departments of Medical 
Physics and Radiology, U.W. Madison. In 1999 he was appointed Vice Chairman 
Department of Medical Physics and in 2000 Faculty Affiliate at the Department of 
Biomedical Engineering. 

In 1971 at the University of Wisconsin, John Cameron introduced Mistretta to 
the field of medical imaging. His early experiments in dual-energy X-ray imaging 
led to the development of a real-time digital imaging device that became the pro¬ 
totype for X-ray digital subtraction angiography (DSA). In 1972 he was the first 
physicist to become the James Picker Advanced Fellow in Academic Radiology. 
Mistretta received the Laufman-Greatbatch Prize in 1983 from the Association for 
the Advancement of Medical Instrumentation for developing DSA and in 1998 he 
shared the J. Allyn Taylor International Prize in Medicine for “distinguished life¬ 
time achievement” and “outstanding contributions to the advances in the use of 
medical imaging in diagnosing and treating human diseases.” In 1999 he was 
elected Fellow of the American Association of Physicists in Medicine. He has 
served on numerous study sections for the National Institutes of Health (NIH), the 
Whitaker Foundation and various Canadian funding agencies. 

Mistretta and his group developed DSA in the late 1970s. His recent work has 
related to the implementation of DSA-like methods using the angiographic appli¬ 
cations of the less invasive magnetic resonance imaging with the goal of imaging 
and characterizing coronary artery lesions. These image-processing schemes will 
enable rapid reconstruction to be done so that 3-D MR DSA can be clinically 
implemented in a manner similar to X-ray DSA. 

Picture courtesy Charles Mistretta, PhD 2004. 
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Stephen J. Riederer (born 1951) 


Stephen J. Riederer was born on 22 July 1951 in Madison, Wisconsin, USA. He got 
his BA in Mathematics from the University of Wisconsin-Madison (1973), his 
MS in Nuclear Engineering from MIT-Cambridge, MA (1975) and his PhD in 
Radiological Physics from the University of Wisconsin-Madison (1979). He be¬ 
came Senior Physicist at General Electric Medical Systems (1980-83), Visiting 
Scientist, Department of Radiology, Stanford University Medical Center (1982), 
Assistant Professor of Radiology and Biomedical Engineering, Duke University 
Medical Center (1983-85), Associate Professor of Radiology and Biomedical 
Engineering, Duke University Medical Center (1985-88) and from 1988 on 
Professor of Radiology and Director, Magnetic Resonance Laboratory, Mayo 
Clinic. 

Dr. Riederer has done research work in three diagnostic imaging modalities. In 
X-ray CT he developed with his masters’ thesis advisor, Dr. David Chesler, one of 
the first mathematical filters which suppresses Gibbs’ ringing in image recon¬ 
struction. His CT work also included fundamental statistical analysis of X-ray 
exposure requirements which dictate CT system design. In digital subtraction 
angiography (DSA) he worked in the laboratory of his PhD advisor Dr. Charles 
Mistretta in development of the prototype apparatus forming the basis for virtual¬ 
ly all commercial DSA systems. In industry Dr. Riederer helped design a widely 
used commercial DSA system, and he coauthored one of the definitive books on 
DSA. Dr. Riederer has spent the bulk of his research career working in the area of 
magnetic resonance imaging (MRI). He has made numerous contributions to fast 
scan techniques, in particular various aspects of short (<10 ms) repetition time 
gradient echo methods, segmentation methods for breathhold vascular imaging, 
correction for view-to-view motion, MR fluoroscopy, centric phase encoding or¬ 
ders for 2-D and 3-D imaging, multi-shot echo-planar imaging techniques, breath- 
hold feedback for reproducible breathholding, development of fast-spin-echo 
CSF-suppressed (FLAIR) pulse sequence for brain imaging, fluoroscopic trigger¬ 
ing for contrast-enhanced MR angiography, and MR imaging using continuous 
table motion. Many of these methods have been commercialized by MRI vendors. 
For these achievements he was awarded the Gold Medal of the ISMRM in 2002. 

Dr. Riederer has served as principal investigator for numerous NIH, founda¬ 
tion, and industrial grants. He has served as major advisor to 18 PhD students. In 
1988 he established the Magnetic Resonance Research Laboratory at Mayo Clinic. 
He holds over 20 patents in medical imaging, has been a member of the editorial 
board of four international journals, and was a member in 1989-1993 of the NIH 
Diagnostic Radiology Study Section. He has been active in many societies and 
served as President of the Society for Magnetic Resonance Imaging (SMRI) in 
1993. He was heavily involved in the merger between the SMRI and the Society of 
Magnetic Resonance in Medicine 1993 to form the International Society for 
Magnetic Resonance in Medicine (ISMRM) and served as the first President of the 
ISMRM. Dr. Riederer has been the principal advisor to six finalists for the ISMRM 
Young Investigator Award. 

Picture courtesy Stephen Riederer, PhD, 2004. 







268 


Chapter 4 Digital Imaging 


Robert A. Kruger (born 1948) 


Robert A.Kruger was born 13 August 1948 in Dublin, Ireland. He received his 
Bachelor of Science from University of North Carolina Chapel Hill, North 
Carolina, Department of Physics in 1970. From the University of Wisconsin 
Madison, Wisconsin, Department of Physics he received the Masters degree in 
1972 and the PhD degree in 1978. 

Robert Kruger became teaching assistant of introductory physics (1970-1971), 
and Research Assistant (1971-1978) at the Physics Department, University of 
Wisconsin, Madison, Wisconsin. In 1978 he became Research Associate in 
Department of Radiology/Medical Physics University of Wisconsin, Madison, 
Wisconsin. In 1980 he was appointed Research Assistant Professor of Radiology, 
and in 1984 Associate Professor of Radiology, University of Utah, Salt Lake City, 
Utah. In 1987 Dr Kruger became Director at the Medical Imaging Research 
Laboratory, Department of Radiology, University of Utah. In 1991 he was appoint¬ 
ed Professor of Radiology at the Indiana University Radiology Department, 
Indianapolis, Indiana, a position he hold until 2001. In 1994 Dr. Kruger became 
Director of Research, and in 2003 President, of OptoSonics, Inc., Indianapolis. 
Furthermore he is an Adjunct Professor of Bioengineering at the Purdue 
University and Adjunct Professor of Biophysics at the Indiana University. 

Dr Kruger is a member of several scientific societies. He was awarded the 
Becton Dickinson Career Achievement Award for Development of “Dynamic 
Digitalized and Angiographic Tomography” by the AAMI, in 1984. He has pub¬ 
lished more than 128 scientific papers and has been issued 21 US Patents. 

Picture courtesy Robert Kruger PhD, 2004 



Chris G. Shaw (born 1949) 


Chris C. Shaw was born on 18 July 1949 in Taiwan. He got his BS in Physics in 1971 
from Tsinghua University, Hsinchu, Taiwan, his MS in Physics in 1976 from the 
University of Chicago, Chicago, IL and his PhD in Radiological Sciences in 1981 
from the University of Wisconsin, Madison, WI. 

He became Research Assistant, Radiological Sciences, University of Wisconsin, 
Madison, WI (1981-1983) and was appointed Assistant Professor, Radiology, U. of 
Rochester, School of Medicine, Rochester, NY (1983-1988). In 1981 he was awarded 
the Gold Medal for the scientific exhibit “Digital video angiography” at the Annual 
Meeting of the American Roentgen Ray Society, San Francisco, CA. He was ap¬ 
pointed Associate Professor, Diagnostic Radiology, University of Pittsburgh, 
School of Medicine, Pittsburgh, PA (1988-1998) and in 1998 Professor and Director 
of Digital Imaging, Imaging Physics, U. of Texas M. D. Anderson Cancer Center, 
Houston, TX. 

Dr Shaw’s current areas of interest are the physics, instrumentation and appli¬ 
cations of digital X-ray imaging and cone beam X-ray CT. The areas include digi¬ 
tal chest, digital mammography, cone beam breast CT, and cone beam chest CT. He 
is also interested in the techniques and applications of parallel and distributed 
computing to image processing and reconstruction. 

Dr. Shaw is a member of several scientific societies. He has published 36 origi¬ 
nal scientific papers and 23 invited articles. 

Picture courtesy Chris Shaw, PhD 2004 
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Computerized Fluoroscopy in Real Time for Noninvasive 
Visualization of the Cardiovascular System 

Preliminary Studies 1 

Robert A. Kruger, Ph.D., Charles A. Mistrelta, Ph. D., Theodore L. Houk, 
Ph.D., Stephen J, Riederer, S, M., Chris G. Shaw, M.S., M. M. Goodsilt, MS., 
Andrew B. Crummy, Wl.D,, William Zwiebel, M.D,, Jerome C, Lancaster, 
George G. Rowe, M.D., and David Flemming, M,D. 

A computerized fluoroscopic system with dedicated real-time hard-wired algorithms can 
be used for cardiovascular imaging with or without injection of iodine, initial differentiated 
and integrated time subtraction displays are presented. Contrast studies appear adequate 
for visualization of cardiovascular dynamics. Cardiac images without contrast material suggest 
expected blood flow patterns but are difficult to interpret. 

Index terms: Angiocardiography * Computers * Fluoroscopy (Heart and great vessels, 
fluoroscopy, 5[D].127) * Heart, flow dynamics * Subtraction 

Radiology 130:49-57, January 1979 


D igital image processing has made possible a new 
class of images with high contrast sensitivity and 
moderate spatial resolution in computed tomography. 
Analogous techniques may be applied in fluoroscopy and 
radiography (1-5), with similar gains in contrast sensitivity 
but with as yet untested clinical importance. We wish to 
describe the types of images which can be obtained using 
standard fluoroscopic equipment and appropriate x-ray 
beam filtration assisted by digital image processing 
techniques. Our emphasis has been on noninvasive studies 
which involve insufficient contrast for standard film tech¬ 
niques and which require image subtraction processing 
at rates of up to 60 images/sec. Investigations have been 
carried out both with and without iodinated contrast ma¬ 
terial. 

APPARATUS 

A GE Maxiray 100 x-ray tube was typically operated at 
100 kVp and 8^50 mA for studies not involving contrast 
material and at 60 kVp and 150-300 mA for most contrast 
studies. At 100 kVp, 2.5 mm A1 filtration was used. Con¬ 
trast studies were usually performed using a 60-kVp beam 
filtered by a cerous chloride water solution containing 100 
mg/cm 2 of cerium, so that the x-ray spectrum peaked at 
40 keV, just above the K-edge of iodine at 33 keV. 

X rays were detected by a Philips 15-23-cm (6—9-iri.) 
cesium iodide image intents if ier/lead oxide vidicon system. 
Video information was collected at standard rates, am¬ 
plified logarithmically, and digitized to 8 bits every 100 or 
200 nanoseconds. After digitization, data were directed 
to one Of three 256 X 256 X 13-bit memories for temporal 
integration of up to 32 video fields. Each memory was 
connected to identical hard-wired algorithms which per- 


1/60 SEC 



/32 FIELDS /N FIELDS 

Fig. 1. Mask mode procedure. N field integrals at times f, are se¬ 
quentially subtracted from a mask image formed from 32 consecutive 
TV fields at time r 0 to form a live display of 60/ N subtraction images 
per second. 


mitted real-time conversion of data into linear combina¬ 
tions of images taken at different times, energies, angles, 
etc. After the data had been processed, they were re¬ 
converted to the analog format and displayed on a video 
monitor. 

Procedure A: Mask Mode with Intravenous Contrast 
injection 

Technique: The mask mode procedure is illustrated in 
Figure 1, Prior to contrast injection, a mask image is dig¬ 
itally integrated in the memory. For studies involving dogs, 
32 TV fields are integrated (1/60 sec. per field) to span one 
heart cycle. After injection, individual TV fields are inte¬ 
grated to N fields, appropriately normalized, and subtracted 
from the mask image, providing contrast-enhanced dif¬ 
ference images at a rate of 60/ N images per second. In¬ 
creasing N improves the signal-to-noise ratio; however. 


1 From the Departments of Radiology (Diagnostic Division) (R.A.K., C.A.M., T.L.H., S.J.R,, C.G.S., M.M.G., A.B.C., J.C.L., WX), Medicine 
(Cardioiogy) (G.R.), and AnesthesioEogy (D.F J, University of Wisconsin, Madison, Wise. Presented at the Work tn Progress: Physics session of 
the Sixty-lhird Scientific Assembly and Annual Meeting of the Radiological Society of North America, Chicago, Ell., Nov, 27-Dec, 2 t 1977. Received 
Feb. 27. 1976; accepted and revision requested June 16; revision received June 29. 

This work was supported hy grant APR 76-19076 from the National Science Foundation. sjh 
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Fig, 2, Images taken just above the aortic arch of a 15-kg dog (AP projection). 

A. Pre-injection mask. 

B. Digitized fluoroscopic image {32 TV fields) initiated by an EKG trigger 12 seconds after intravenous injection of 15 ml of Renografin-60 
(approximately 1 ml/kg) and generated by integrating 6 successive TV fields in each of 4 heart cycles. 

C. The resulting 32-field image is subtracted from Figure 2, A, producing an image in which iodine appears white. The innominate, subclavian, 
carotid, and vertebral arteries can be seen. Except for some blurring of the lower innominate artery, similar results were obtained when 32 consecutive 
fields were added together within the same heartbeat. 

D. Similar subtraction image corresponding to a later time after contrast injection, showing return via the jugular veins. This image was obtained 
wthout EKG gating, which was found to be unnecessary. 


N must be kept small enough not to degrade perception 
of cardiac motion. We have found that N values of 1 to 4 
give good images with useful dynamic information. 

Contrast material was injected into a peripheral vein of 
the fore- or hind leg of a dog or the forearm of a human 
volunteer. In related studies, Ovitt et at. (4) injected 1 ml 
of Renografin-76 per kg into the jugular vein to demon¬ 
strate the heart and carotid arteries in dogs, while Bren- 
necke et a/, {5} have also used jugular vein injections for 
live digital subtraction displays of pig hearts. 

There are four important features of the mask mode 
procedure: 


t. For patient thicknesses up to about 25 cm, a sa- 
mariurrvfiltered 60-65-kVp beam decreases the absorbed 
dose for a corresponding ratio of iodine contrast to quan¬ 
tum noise in the output beam approximately twofold 
compared to 2 mm AI filtration. Before realizing this, much 
of our work was performed with a cerium-filtered 60-kVp 
beam, which affords similar dose reduction but increased 
tube loading compared to samarium filtration. 

2. Logarithmic processing ensures that attenuation 
changes of a fixed percentage will be of equal magnitude 
in the subtraction image, independent of the image 
brightness present in the unsubtracted fluoroscopic image. 
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It also ensures that there is sufficient digital gray-scale 
resolution for the dark as well as the bright portions of the 
image. 

3. An integrated mask is preferred over one of shorter 
duration for several reasons. It reduces the overall noise 
component of the subtraction images. Moreover, it ef¬ 
fectively removes the common-mode elements of the pre- 
and post-inject ion video images, thus allowing iodine in¬ 
crements to be displayed by the full dynamic range of the 
system. In heart studies, motion blurring ensures that the 
integrated mask contains few high-spatial-frequency (HSF) 
components and does not produce periodic HSF artifacts 
in the live subtraction display. It should be noted, however, 
that within the limitations of the system, all spatial 
frequencies of iodinated structures are seen. 

4. Peripheral intravenous Injection of contrast material 
is a non invasive method which, in the case of cardiac 
imaging, permits visualization of all heart chambers with 
one injection. 

Results: Figures 2~4 illustrate the use of mask mode 
procedures in imaging three different structures in a 15-kg 
dog. From 0.6 to 1 ml/kg of Renografin-60 (containing 
0.2-0.3 g/kg of iodine) was injected via either a fore- or 
hind-leg vein. The total time from injection to display was 
less than 15 seconds, with the subtraction images being 
available for viewing during and immediately following the 
x-ray exposure. During these procedures the dog's res¬ 
piration was suspended. 

Figure 2 shows a series of anteroposterior images taken 
just above the aortic arch (75 kVp, 44 mA, 2 mm Al fil¬ 
tration). All images are shown in a 192 X 256 display (the 
first 64 horizontal addresses having been used for an EKG 
display) with each pixel corresponding to about 0.6 mm 
in the plane of the vascular structures. Such resolution is 
probably good enough to detect gross occlusive lesions 
and stenoses but not minor arterial wall disease. With 
present memory capacity and system architecture, 
512-pixel horizontal resolution is possible, but not when 
subtraction images requiring temporal integration of more 
than 1 TV field are desired in real time. 

Using the same entrance exposure {^200 mR per 
subtraction image), several attempts were made to obtain 
images with similar contrast using standard film-screen 
subtraction methods; however, they were unsuccessful 
using the opacification levels obtainable with intravenous 
injections. 

The arterial and venous phases of the right pulmonary 
circulation in the left posterior oblique (LPO) (to the table) 
projection are shown in Figure 3, A and 8, respectively. 
Images were obtained at a rate of 60 per second. The 
entrance exposure rate was 200 mR/sec., with individual 
fields representing only 3.3 mR apiece in addition to the 
100-mR mask (32 TV fields). The use of a higher exposure 
for the mask ensures that its statistical variations (which 
are fixed in time and space) are small compared to the 
perceived noise of the live subtraction display, which is 
temporally averaged by the eye while viewing 60 im¬ 
ages/sec. 

Figure 4 shows the mask mode applied to the study of 



Fig. 3. A and B. Arterial (A) and venous phases (B) of the 
right pulmonary circulation of a 15-kg dog (LPO projection). 0.6 
ml/kg of Renografin-SO was injected into a hind-leg vein and 
imaging was performed using a cerium-filtered 60-kVp beam. 
After the preinjection mask was made, no further field integra¬ 
tions were performed. After contrast injection, subtraction im¬ 
ages were formed from individual f ields at a rate of 60 per sec¬ 
ond, shown as a live display, and recorded on magnetic video 
tape. 


cardiac chamber dynamics in dogs. These LPO projection 
images were formed by subtracting the sum of 4 fields 
from a mask at a rate of 15 per second. 1 ml/kg of Reno- 
grafin-60 was administered into a hind-leg vein, and the 
60-kVp cerium-filtered beam was used. 

Several alternative procedures were attempted in the 
hope of improving spatial and temporal imaging resolution. 
Cine pulsing for 4 msec, during the vertical retrace period 
of each video field was used in place of continuous fluo¬ 
roscopy. 512X512 displays were presented with the TV 
camera both interlaced and noninterlaced. Cine pulsing 
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Fig. 4, Mask mode showing cardiac dynamics in a 16-kg dog (1 ml/kg Renograf in-60 injected into a hind-leg vein). 15 subtraction 
images were formed per second. A. Right heart in ventricular systole. 

B. Right heart in ventricular diastole. 

C. Left heart in ventricular systole. 

D. Left heart in ventricular diastole. 


and continuous fluoroscopy produced images of similar 
quality. No significant difference between interlaced and 
noninterlaced TV operation was observed. The 512 X 512 
display was slightly better, but this was mainly attributed 
to its (less noticeable) higher pixel density rather than to 
any real improvement in spatial resolution, it was con¬ 
cluded that the limiting quantities for these images are (a) 
the intrinsically low contrast present in fine structures when 
opacified by the small concentration of contrast material 
we used and (b) the noise present in the TV system, which 
limits the dynamic range to ~40 dB per video field when 
scanned in the conventional fashion. 

Figure 5 shows cardiac images of a human volunteer. 
For this study, bilateral 30-ml boluses of Renografin-60 


were injected simultaneously. A 60-kVp beam was used 
with cerium filtration. The entrance exposure rate was 400 
mR/sec. and produced a total exposure of 4 R during the 
10-second examination. Using 4 field integrations, 15 
subtraction images per second were formed, displayed 
continuously, and stored on magnetic tape. These images 
should be sufficient for densitometric determination of the 
left ventricular ejection fraction. A sampling rate of 15 per 
second has already been shown to be adequate for such 
determinations (6). 

It is important that the patient stop breathing during the 
imaging procedure (approx. 15 sec.). Respiratory motion 
produces misregistration artifacts which obscure the 
signals associated with contrast flow. A second exami- 
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Ftg. 5. Mask mode showing the left heart (LPO) of a human 
volunteer, todinated structures appear white. A. Left ventricular 
systole. 

B. Left ventricular diastole. 



Fig. 6. Mask mode showing the carotid artery bifurcations of a 
human volunteer (0.6 ml/kg of Rervografin-60 injected into a forearm 
vein). 


taken. They were generated by reprocessing data which 
had been stored on analog video tape. The spine was 
cancelled out by using as a mask an image obtained after 
the contrast level had decreased in the carotids. Repro¬ 
cessing from tape produces images with high noise and 
degraded spatial resolution associated with horizontal 
synchronization instability. Nevertheless, we feel that if 
motion misregistration can be overcome by using a head 
restraint, sufficient contrast can be obtained with the in¬ 
travenous technique. Reprocessing of data stored in an 
additional digital memory is also feasible and will help in 
regeneration of images from examinations involving ex¬ 
cessive motion. 


nation on a human volunteer was unsuccessful primarily 
because of such artifacts. Excessive delay between the 
pre-injection mask and contrast injection made it impos¬ 
sible for the patient to stop breathing throughout the pro¬ 
cedure. In addition, an insufficient amount of contrast 
material (20 ml of Renografin-76} was used. Future ex¬ 
aminations will be conducted only after automation of the 
mode controls in the image processor so that excessive 
delays between the mask and the contrast injection can 
be avoided. Also, simultaneous bilateral forearm injections 
will be used when possible to improve image contrast 
without increasing the bolus duration. Use of low-pressure 
connective tubing should also increase the injection rate. 
We are hopeful that such a procedure will produce images 
approaching the quality of those obtained in dogs. 

Using a mask mode technique similar to that employed 
for our initial human heart studies, 40 m! of Renografin-60 
was injected into the forearm of a human volunteer in an 
attempt to show the bifurcations of the carotid artery (Fig. 
6), Images were not obtained in real time because the 
volunteer moved after the pre inject ion mask had been 


Procedure B: Time Interval Difference Imaging with 
Contrast Injection 

Technique: The primary limitation of mask mode pro¬ 
cedures is the requirement that the patient stop breathing 
during passage of the contrast bolus through the heart. In 
many instances, e.g., pediatric and critically ill patients, 
this would necessitate general anesthesia, A variation of 
the mask mode technique which is relatively insensitive 
to respiratory motion is time interval difference (TID) 
imaging (Fig. 7), in which a new subtraction mask is gen¬ 
erated at each time interval cycle. With a short enough 
interval, respiration has little effect on the observed dis¬ 
play. For short, contiguous intervals, the display becomes 
an approximation of the first time derivative of the loga¬ 
rithmic x-ray transmission. Since the time derivative of 
projected iodine concentration is a quantity fundamentally 
different from the concentration itself, the display requires 
modified interpretive skills. The display seems particularly 
useful for visualizing areas of turbulence, high blood flow 
velocity, and heart chamber boundaries. 

At the other extreme, the TID mode can be implemented 
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/N FIELDS /N FIELDS 

Fig. 7. In the time interval difference (TO) mode, data are 
integrated by one memory during N consecutive video fields 
starting at time 7j. A similarly integrated image initiated at a later 
time 7j is stored in a second memory and subtracted from the 
previous image. This difference is displayed while a third memory 
integrates a new image for later subtraction. By cycling the 
memories in this way, each image serves as a mask for the 
following image and a continuous sequence of images is dis¬ 
played at a rate of 60/(/- 1) images per second. 


with arbitrarily long integration times and time interval 
separations. In this case it no longer represents an in¬ 
stantaneous time derivative display. An example of such 
use would include generation of EKG-triggered differences 
between systolic and diastolic images. 

Results: Figure 8 shows two TID images taken after 
injection of 10 ml of Renograf in-60 into a foreleg of a 15-kg 
dog (right posterior oblique or RPO projection, 60 kVp, 
cerium-filtered beam). Images were integrated over con¬ 
tiguous 1/15-sec. intervals and subtracted continuously 
as described above. Conceivably, dyskinesis in the borders 
of the cardiac chambers would show up as a black area 
in an otherwise white region or vice versa, depending on 
the heart phase. A thorough investigation of this possibility 
should proceed in a manner analogous to the ultrasound 
study of Gramiak et al. (7). 

it is our impression that in cases where mask mode 
fluoroscopy can be employed, the information obtainable 
thereby is more easy to interpret than that provided by TID. 
However, the TID mode offers a display with comparable 
information density which may have great potential for 
evaluating cardiac function in patients incapable of holding 
their breath. 

Procedure C: Mask Mode Without Contrast Material 

Technique: The logarithm of the fractional transmission 
T of x-rays along a projection through the heart at time t 
can be described by the product of the effective attenuation 
coefficient p and the patient thickness / projected to any 
point in the image plane x,y as: 

-in T(x,y,t) = (ft ■ f)(x,y,t) 

For cardiac imaging, {y • l) can be written conveniently 
as: 

• l){x.y,t) = 6777)<*,y) + f[x,y,t) 
where f{x r y r i) represents the temporal variation of (p * 



Fig, S. Heart of a 15-kg dog. A. TID image shows iodine 
flowing from the left atrium into the left ventricle near end- 
diastoie. 

B. . Opacified blood fills- the left atrium while the left ventricle 
is pumping blood into the enlarging aorta just prior to end-systole. 
A white display implies increased opacification (expansion) over 
a period of 1/15 sec., while a black display implies a decrease 
in opacification (contraction). Gray indicates no change. 


/){x>y*f) about its time-averaged value {p * /}{x,y). By the 
above definition, the time average of f(x,y t f} over any in¬ 
tegral number of heart cycles is zero. When mask mode 
subtraction is performed without contrast material, the 
image is 

(n - /K*,y) - (u • l){x,y,t) - f(x,y,t) 

f.e., the image is time-dependent and displays the variation 
of the (p*ft product about its time-averaged value. Without 
contrast material, the subtraction image occupies only a 
small fraction of the dynamic range of the unsubtracted 
images. Because of this, the contrast of the subtraction 
image fl(x T y,t) may be enhanced by a large factor, typically 
on the order of 16 for our dog studies. 

In the case of the heart, and in view of the limited sta- 
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Fig. 9. Heart of a 15-kg dog imaged in the mask mode 
without-contrast material. The imaging rate was 15/sec. A. In 
the ventricular diastolic image, the right and left atria appear 
dark, suggesting decreased atrial volume. 

B. Image taken 180° out of phase with Figure 9, A. The atrial 
regions appear brighter than the average, the ventricular regions 
darker. 


tistical precision of data acquired in individual television 
fields, displayed fluctuations in the product are almost 
entirely due to changes in the tissue thickness I along any 
x-ray path. These fluctuations are caused by changes due 
to blood flow in and out of the heart chambers as well as 
to changes in cardiac muscle orientation and muscle dis¬ 
placement. Similar changes in overlying fat and lung tissue 
can either contribute to or partially cancet changes in 
thickness due to blood flow. A study of our TV system in¬ 
dicates that the minimum attainable noise fluctuations per 
pixel per TV field simulate 1 mm of tissue variation for the 
x-ray beams and exposure rates we used. This implies that, 
including the effects of spatial integration, our system, 
when used at these exposure rates, should be able to 



Fig. 10, T3D without contrast material, showing images of 
a dog's heart taken 0.2 seconds apart (heart rate, approximately 
120 beats/min.}. 

A. Start of systolic contraction, as indicated by the dark 
borders, 

B, Detailed information is not present, but the image generally 
suggests a blood flow pattern tending toward ventricular dias¬ 
tole 


display thickness variations of M mm for 9 mm 2 areas {25 
pixels) in the plane of the heart with a signai-to-noise ratio 
of 5 Images integrated over N fields wilt increase this 
maximum contrast sensitivity In proportion to \ /r N. 

Results: Using the mask mode without contrast material, 
the heart of a 15-kg dog was imaged in the LAO projection 
(100-kVp beam, 8,5 mA, 2 mm AI filtration, entrance ex¬ 
posure rate 100 mR/sec.). In the absence of contrast 
material, the ratio of tissue contrast to integral exposure 
improves as the kVp is increased. After taking a mask 
image, 1/15-second time intervals were integrated over 
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Fig. 11, TID of the heart (RPO) of a 16-kgdog. Two V 15-sec. images taken 0.2 sec. apart were sub¬ 
tracted from each other to give the two images, A. Subtraction of two 1/15-sec, time intervals, one at 
end-diastole and the other near ventricular systole, again averaged over 8 heart cycles. Note the contraction 
of the myocardium and the overlying pulmonary vasculature, 

B. Subtraction of images at two time intervals, one near systole and another 0,2 sec. later. Increased 
brightness (decreased x-ray transmission) can be seen in the right ventricle and left atrium. 


preselected phases of eight consecutive heart cycles to 
a total of 32 fields and subtracted from the mask. Two such 
phases are shown in Figure 9. Because a contrast bolus 
was not used, such images display equal-sized signals 
simultaneously in both the left and right heart. Such images 
also show the state of expansion (white border) or con¬ 
traction (dark border) of the myocardial silhouette. 

We are not yet in a position to say whether or not such 
studies will prove to be useful as diagnostic tools, espe¬ 
cially in view of the superiority and simplicity of intravenous 
contrast studies. However, the non contrast studies do merit 
further investigation. Some workers have reported suc¬ 
cessful correlations of disease with myocardial border 
information alone (8, 9). Such studies suggest that the 
greater quantity of information in a contrast agent-free 


two-dimensional mask mode presentation might permit 
greater accuracy. 

Procedure D: Time interval Difference imaging Without 
Contrast Material 

Technique: TID can also be applied without contrast 
injection when suspension of respiratory motion is difficult 
or impossible. Using the notation of the previous sections, 
TID images obtained without contrast material display 
blood flow and solid tissue thickness variations which can 
be described by 

+ At) ~ (/*0(*.y,f) = 

f(x,y,t + Af) — t{x,y,t) k Aflx,y,f}/Af 
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For a small enough Af the displayed image depicts the 
time derivative of the function representing deviations from 
the time-averaged value of the product of attenuation 
coefficient times thickness. Such an image displays only 
those changes which have occurred over time if. Without 
using contrast material, canine heart images were obtained 
using such an approach. 

Results: Two TID images taken with the same technique 
and in a similar though not identical projection to that of 
Figure 9 are presented in Figure 10. These images rep¬ 
resent subtractions of contiguous 1/15-sec. integrations 
over eight consecutive heart cycles. The suggestion of a 
general blood flow pattern is as evident in contrast-free 
TID as in the contrast-free mask mode. In either procedure, 
static image presentations, even when averaged over 
several heart cycles, do not convey the blood flow infor¬ 
mation present in dynamic displays. Information degra¬ 
dation in the static displays is even more severe than in the 
contrast studies, where heart chamber structures are 
prominent. 

TID can also be used to generate images associated 
with widely separated time intervals, as shown in Figure 
11. Because of the questionable role of solid tissue in these 
images and because of the overlying great vessels in the 
atrial regions, it is not yet possible to interpret such images 
with certainty. However, we have observed in infused 
contrast injection experiments with the same dog that the 
right ventricle filled slightly ahead of the left* which is 
consistent with the brightness pattern seen in Figure 
11 . 

CONCLUSIONS 

We have reported on four preliminary investigations of 
computerized fiuoroscopy, consisting of two general 
modes of data display, each with and without intravenous 
contrast material. Several conclusions can be made: 

{a) In the mask mode, intravenous injection of 0.6-10 
ml/kg of Renografin-60 provides excellent visualization 
of canine cardiac chamber dynamics at display rates of 
15 to 60 subtraction images per second. Human left ven¬ 
tricular motion was adequately observed using 0.3 ml/kg 
of Renografin-60 but should be performed with larger 
contrast doses (0.6 ml/kg) injected into each forearm si¬ 
multaneously. The patient must be able to hold his breath 
for about 15 seconds, which may not be possible with 
those who are unable to cooperate or in cases where 
respiratory suspension using drugs is dangerous. At 
present, the spatial resolution of mask mode contrast 
studies of the pulmonary system and carotid arteries is 
inferior to that of film subtraction techniques, but they do 
appear to have higher contrast sensitivity. 


(b) Time interval difference imaging studies with contrast 
injection demonstrate the time derivative of the contrast 
concentration and are sensitive to rapid changes associ¬ 
ated with chamber contraction, valve motion, and turbulent 
flow. The most important feature of the T3D mode is that 
the patient does not have to stop breathing, 

(c) When used without contrast material, the mask mode 
represents the deviation of the logarithmic transmission 
function from its time-averaged value. The TiD mode 
without contrast represents the time derivative of this 
function. In both cases the display gives the same general 
impression of blood flow as observed in contrast studies 
but does not provide detailed visualization of cardiac 
structures. Moreover, the images are complicated by the 
simultaneous presence of dynamic contrast changes in 
the right and left sides of the heart, by overlying vascula¬ 
ture, and to an unknown extent by displacement of solid 
tissue. 

(d) Intravenous contrast studies appear suitable for 
immediate study using human volunteers; contrast-free 
studies should be confined to experimental animals until 
they are understood more completely. 

Department of Radiology 
University of Wisconsin 
Madison, Wise. 53706 
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The clinical application of intravenous angiography to study the cervicocerebrovas¬ 
cular system using the digital video subtraction system described in a companion 
article is reported. About 0.75 ml/kg of a standard 76% iodine contrast solution is 
injected into an antecubital vein using a power injector. Then 15-20 exposures of the 
head and neck region at a 1/sec rate are made on the image intensifier. The images 
are recorded by a high performance video system and the output signal is digitized for 
subsequent computer manipulation. The subtraction images of these vessels produced 
by the computer show the vessels clearly, even though they contain very low concen¬ 
trations of contrast media. Standard exposure factors of 75-00 kVp, 9-10 msec at 
800-1.000 mA are used. Clinically pertinent features of the data alteration and flow 
through the system and the step-by-step computer procedures used to achieve and 
analyze the various forms of subtracted images are described. 

Five experimental and clinical cases demonstrate appropriate applications to cervi¬ 
cocerebrovascular disease: [1) evaluating the effects of surgical and medical therapy 
on atherosclerosis; (2) providing a screening angiographic test for patients with asymp¬ 
tomatic bruits and/or positive non invasive studies; (3) evaluating patients who have 
significant generalized vascular disease either precluding or presenting hazardous 
contraindications to transarterial catheterization; (4) evaluating significantly aged pa¬ 
tients in whom standard angiography has higher risk; and (5) evaluating currently 
asymptomatic patients who are medically at higher risk for deve[oping atherosclerotic 
lesions. Numerous examples of the various types of image manipulations are presented: 
[1 ) linear subtraction; [2) logarithmic subtraction; (3} alterations of electronic contrast 
enhancement (map slope); (4) the usefulness of a series of angiographic images; and 
(5) the importance of multiple projections with this technique. 

Intravenous angiography has added to the armamentarium of the neuroradiol¬ 
ogist for evaluation of atherosclerotic disease [1-3], Until development of a 
satisfactory intravenous angiographic technique, there was no safe method of 
visualizing and screening the entire cervicocerebrovascular system without in¬ 
traarterial angiography. Although selective transarterial angiography will continue 
to play a major role in the detailed radiographic demonstration of cervical and 
Intracranial lesions, it is not appropriately used as a screening test of these 
vessels. Because it has a small, but essentially irreducible morbidity even in 
skilied hands, it is a test with inappropriately high risk for use in neurologicafly 
asymptomatic patients. This morbidity increases significantly in elderly patients, 
intravenous angiography provides an alternative method of visualizing vessels in 
patients in whom either a screening examination is desired or in whom catheter 
techniques are contraindicated or unachievable. 

With the system described in our companion paper [4], we are achieving 
clinically diagnostic images of the cervical arteries and their proximal intracranial 
segments. We can use these images to make clinical decisions regarding 
operative versus nonoperative care in about 80% of cases. On several intrave¬ 
nous angiograms, questionably positive findings were confirmed with intraarterial 
angiography. 
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In this article, the techniques of the procedure and five 
representative clinical cases are described to illustrate the 
quality of images currently being produced. These also 
demonstrate some of the types of computer manipulations 
of the digitized images currently available. 

We are currently using this intravenous angiographic 
technique primarily for the study of cervical arterial athero¬ 
sclerosis. There are many additional cervical and intracra¬ 
nial vascular problems to which this technique can be ap¬ 
plied as the resolution and capability of this system improve. 


Electronic Computer System 

Radiographic visualization of cervical and cerebral ves¬ 
sels has previously required direct, intraarterial injection of 
contrast material into or near the vessel being studied. This 
is because contrast material concentrations of less than 
5%-6% are not radiographically visible even when subtrac¬ 
tion techniques are used. Previous attempts at intravenous 
angiography of these vessels failed primarily because of the 
inability to achieve adequate intraarterial contrast concen¬ 
trations. 

Our digital, video subtraction system [4] allows visualiza¬ 
tion of cervical and proximal intracranial vessels containing 
an extraordinarily low concentration of contrast medium 
(down to 2%-3%). A 40%-50% intraarterial concentration 
is required in standard angiography to produce images of 
equal contrast. 

Although each part of the system is vital to its overall 
performance, several parts have special significance. The 
television tube has a signal-to-noise ratio of 1,000:1, which 
is far superior to a conventional x-ray video system. This 
produces an output video signal with very low electronically 
induced noise to degrade the image. It also has a linear 
response that permits accurate density subtraction. 

The digitization to 8 bits (2 a ) of the TV signal means that 
the TV picture, at this point, is changed into 262,144 words 
of digital information <512 TV lines, each broken into 512 
discrete digital units), each of which has an electronic 
contrast range of ± 256 units (2 a ) of displayed density. 
Therefore, further degradation of the signal is impossible, 
since it is in discrete, digital form as it moves through the 
rest of the system. 

This totally digitized image is then essentially rebuilt, line 
by line, into an image in the digital image store in 0,03 sec 
and transferred to the computer. There, a large number of 
very rapid manipulations can be performed on this digitized 
image. Image processing capabilities currently include: (1) 
linear (binary) subtraction; (2) log subtraction; (3) contrast 
slope and position manipulations; (43 edge enhancement; 
(5) image smoothing; (6) digital filtering; (7) signal averag¬ 
ing; (8) reference image movement; and (9) image addition. 

When all digitized images are in the computer, any one 
can be requested for subtraction (or any processing) by a 
simple, single letter command on a standard computer ad¬ 
dress alphanumeric terminal. The requested image begins 
to be displayed virtually instantaneously and requires 2-5 


sec to be completely displayed. Subsequent manipulations 
are also obtained by single letter command and are dis¬ 
played at the same rate. Therefore, during the clinical stud¬ 
ies, the subtraction images can be viewed immediately after 
each injection and decisions regarding the necessity of 
additional injections and projections can be made promptly. 

Materials and Methods 

Clinical Technique 

Most of our current studies are performed on outpatients. They 
must be well hydrated and without food intake for 2 hr before the 
examination. No pain or sedative medication is given or has been 
required. The study is done with the patient in the supine position, 
usualJy using either a right or left posterior oblique projection for 
the cervical vessels, After about 0.1 ml of 1% intradermal lidocaine. 
a 6.4 cm 16 gauge angio-cath'-type catheter is introduced into 
either a right or left antecubital vein. Dextrose solution (D5/W) is 
then slowly infused into this catheter before and between contrast 
injections, We prefer using the arm contralateral to the side of 
primary clinical interest, since there is rarely reflux of contrast 
material into the external or internal jugular venous systems, which 
interferes with obtaining a dean'' scout or reference image How¬ 
ever, this is not critical, as successful examinations have also been 
obtained ipsilateral to the side of injection even when reflux has 
occurred. 

Numerous animat experiments (see fig. 1) demonstrated that 
about 0.75 ml/kg of contrast material provided very satisfactory 
visualization of cervical vessels with low background noise levels. 
For this reason, we currently use Q. 70-0.75 ml of a standard 76% 
iodine contrast/kg of body weight. This is delivered using a stan¬ 
dard power injector at a rate of 20 ml/sec for 2.0-3,5 sec (de¬ 
pending on patient’s weight). The contrast material is injected wilh 
the patient s arm elevated to facilitate the central and intrathoracic 
flow. Two or three injections are usually required to obtain a 
complete and diagnostic set of studies. 

Just before injection, the patient is hyperventilated and asked to 
hold his breath in mid expiration phase (if possible) for 15-20 sec. 
If the patient cannot do this, we find that quiet, shallow, respiration 
produces the least movement. Each patient has been questioned 
and has specifically denied the presence of any pain at or near the 
site of contrast injection using these volumes and rate of injection. 

Using a 1.2 mm focal spot at a tube-intensifier distance of 78.7 
cm and a neck-intensrfier distance of 22.9 cm, a magnification of 
about 1.4 is achieved. Currently, we are using exposure factors of 
75-80 kVp, 9-10 msec at 800-1,000 mA. Exposure rate is 1 
frame/sec for 15-20 sec starting 2-4 sec after completion of the 
intravenous injection. Arrival time of the contrast material in the 
cervical vessels is 7-14 sec, depending on the patient s cardiac 
status; therefore, a rather long exposure sequence is required. We 
hope to diminish the length of this sequence as our experience 
increases. As stated above, after each sel of exposures, the sub¬ 
tracted images are reviewed and the requirement for additional 
projections is determined. 

At the completion of the study, the intravenous catheter is re¬ 
moved. The patient is either returned to the ward or sent home with 
instructions only to force fluids in the 24 hr after the procedure and 
to only report to us or to his physician if he notes inordinately 
diminished urine output- The average study currently takes about 
45 min to 1 hr. We anticipate reducing this lime by at least one-hall 
with continuing refinements in equipment, setup procedures, pro¬ 
grams, and system standardization. 
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Fig. 1.—Canine cervical arteries. (See lexl for defails of technique.) A, Reference image just before 
contrast reached cervical vessels. B. Low concentration of conirast in arteries not visible on "radio- 
graphic-type" image. C. Linear subtracted image oblained by eleclronicelly subjecting digital values of 
each poinl on reference image from post-injection image (B). No electronic contrast enhancement. D, 
Digital-eleclronic-enhanced image. Signilicant augmentation of intravascular low-level contrast. Slope 
of 8 means values ol displayed contrast are 8 limes more than contrast actually in dOg L s arteries. E, 
Linear subtracted, digital contrast-enhanced image. Region of surgically-produced stenosis low in left 
common carotid artery (arrow). F, Conventional subtracted' radiograph from transfemoral arch aorto- 
gram. Stenosis {arrow}. 


F 


Image Analysis 

A number of clinical studies have been obtained using the tech¬ 
nique described above. Analysis ol the images of each series begins 
by selecting the best reference image obtained just before the 
appearance of contrast material in the cervical vessels. It is then 
subtracted from each of the remaining images of the study. The 
subtraction of each sequential image takes about 3 sec. By this 
method, the images with the best arterial visualization are selected. 
These images are then subjected to variations in electronic contrast 


enhancement and may have some additional image manipulations 
performed on them (e.g,, log subtractions, contrast slope and 
position manipulations, and, occasionally, edge enhancement). 
These manipulated images are then stored on the video disc re¬ 
corder for subsequenl display, review, and photography 

The data and graphic section on the lower left of each image 
(figs. 3-5) shows patient identification data, a description of the 
type of subtraction done (linear versus log), and a graphic display 
of the map" or the slope and position of the electronic enhance¬ 
ment used on that individual image. The abscissa represents the 
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Fig. 2 .—Case 2, Postoperative right internal carotid endarterectomy,, left posterior oblique position, 
0.8 ml/kg intravenous contrast. A r Reference image before contrast reached cervical vessels. B 
Midarteriai phase. Contrast faintly visible in cervical vessels, C, Standard linear subtraction film All 
densities on A subtracted from those on B. No electronic contrast manipulation was applied D. 
Electronic contrast-enhanced image, Significantly improved visibility of cervical vessels Very slight 
stenosis (arrow) at superior end of endarterectomy site in internal carotid artery. Good filling of right 
internal carotid artery (t) above stenosis, a = left common carotid artery; b = left vertebral artery; c ■ 
right external carotid artery; d = ascending cervical branch of righl thyrocervical trunk. 


D 


digital value of the electronic contrast material actually present and 
the ordinate represents I he digital value of the electronic contrast 
enhancement that is displayed. The numerical value after slope 
refers to the ratio of electronic contrast enhancement displayed/ 
electronic contrast material actually present. The numbers at the 
bottom of the "map " graph describe the range of numbers con¬ 
tained between the bottom and top parts of the steep part of the 
map. Varying the slope gradient (steepness) is analogous to chang¬ 
ing the window width in CT. A steep slope is equivalent to a narrow 
GT window setting and produces a high contrast image. Changing 
the position of this steep part of the map (moving it to the left or to 
the right) is analogous to changing the position of the center of the 
GT window. In this system. the slope position and the slope steep¬ 
ness are independent manipulations. 


Representative Case Reports 

The following cases demonstrate some images achieved with the 
system and techniques described above and show the results of 
applying different methods of subtraction and digital image pro¬ 
cessing. 

Case 1 

A 32-kg greyhound had a 24 ml bolus of 78% contrast material 
hand-injected into a toreleg vein (volume equals about 0.75 ml/kg). 
(All images were pholographed directly from the current 512-line 


television video display.) The first image (fig. 1 A) is the reference or 
scoul image and was obtained before the arrival of contrast material 
in the cervical vessels. The arterial phase (fig, IB) shows the 
contrast material in the arteries that is not seen on this standard 
radiographic-type image. To achieve a standard linear subtraction 
(fig. 1C). the digital densities of each point on the reference image 
are directly subtracted from those on the postcontrast image being 
studied (fig. 1 B) As the densities being subtracted are perfectly 
numerically balanced, the resultant subtraction is the same as a 
second order’-type subtraction done on standard radiographs. 
The only remaining density is that of the minimal contrast enhance¬ 
ment within the vessels. On the map, the slope is 1 (or 45°), 
indicating there has been no electronic contrast enhancement or 
manipulation Figure ID demonstrates the significant augmentation 
of the low-level contrast enhancement within the vessels when the 
images are displayed with digital-electronic enhancement, as evi¬ 
denced by Ihe steep slope shown in the map. A relatively steep 
slope of 8 means the digital value of the output electronic contrast 
is 8 times the input electronic contrast values. 

Using a 1 ml/kg intravenous contrast injection in this same dog. 
the lower cervical region was studied One of the linear subtracted, 
digital contrast-enhanced images (fig. 1E) clearly shows a region of 
stenosis in the left common carotid artery. This stenosis had been 
surgically produced in the laboratory. The accompanying image 
(fig. 1F) is a subtracted radiograph from a transfemoral aortogram 
using conventional radiography. This stenosis is as easily visualized 
on the intravenous angiographic study as it is on the standard 
radiographic intraarterial aortogram. However, the intravenous an- 
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Fig, 3.—Case 3, 66-year-old presurgical parent with suspected stenosis 
or occlusion in lefl internal carotid system. Right posterior oblique position, 
standard amount ol intravenous contrast. A. Linear, mapped subtraction of 
cervical vessels. Lett and right internal and external carotid arteries well 
visualized and normal. Parts of vessels superimposed over bone not well 
seen. B. Log-type, mapped subtraction. Significantly improved visibility of 
vessels superimposed over bone. Left internal carotid artery entirely normal 


up (o cavernous segment with no stenosis or minor atheromatous irregularity, 
a = left common carol id artery: b ™ left internal carotid artery; c = lefl 
external carotid artery: d * left vertebral artery; e = right vertebral artery; 1 
= basilar artery; g = right internal carotid artery; h = right external carotid 
artery. C-F. Progressively increased electronic con hast enhancement 
(slope} Slope of C = 1. D - 3.49, E, = 7.12, and F = 11.43, Single, 
computer manipulation produces substantially improved visibility of arteries. 


giogram is much more sensitive to minor degrees ot movement 
compared with standard angiography. There is minimal movement 
of the trachea in this anesthetized dog on the intravenous angio¬ 
gram. 

Case 2 

A 71-year-old white mar had recent right cerebral hemispheric 
transient ischemic attacks. Previous arch angiography demon¬ 
strated a 50% stenosis at Ihe right carotid bifurcation. Selective 
right carotid angiography on this admission demonstrated a 75% 
stenosis at the origin of the right internal carotid artery with ulcer¬ 
ation. The patient had a right proximal internal carotid end¬ 
arterectomy, On postoperative day 4, the surgeons were interested 
in the patency of the right internal carotid endarterectomy site, but 
they did rot believe the clinical status warranted a repeat trans- 
femoral angiogram so intravenous angiography was performed. 

While in the left posterior oblique position, the patient was in¬ 
jected with 0.8 ml/kg of 76% contrast medium. Figure 2A is the 
reference image. Intraarterial contrast enhancement is faintly visible 
in the midarlerial phase (fig, 2B). The standard linear subtraction 


image (fig. 20) was obtained by digitally subtracting all the densities 
on figure 2A from those on figure 2B. Note the 45“ slope of the 
map in the left lower corner of the image, indicating a numerical 
slope of 1. The results of applying electronic contrast enhancement 
at the cervical parts of the arteries are now well visualized (fig. 2D), 
There is a slight stenosis at the superior end of the endarterectomy 
site, probably of no clinical significance since Ihe filling ol Ihe right 
internal carotid artery above this stenosis is satisfactory, A standard 
transarterial angiogram was not required and the patient was dis¬ 
charged several days later. 

Case 3 

A 68-year-old white man needed extensive oral-dental surgery 
with general anesthesia Cardiac evaluation because of recent 
vague, nonspecific neurologic symptoms demonstrated moderate 
cardiac arrhythmias that were corrected by medical therapy. Dop¬ 
pler ocular sonography and ocular plethysmography (QSM/OPG), 
however, suggested a significant stenosis in the left internal carotid 
artery system. The patient and his physicians did not want to 
proceed with the surgery and general anesthesia without further 
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Fig. 4,—Case 4, older mao wiih se¬ 
vere bilateral lower extremity claudica¬ 
tion, total absence of all lower and upper 
extremity pulses, loud right carotid bruit 
and positive OSM/OPG tests on right. 
Lett posterior oblique position. Logarith¬ 
mic subtractions with electronic contrast 
enhancement. Large calcific plaque ob¬ 
scures visualization of proximal right In¬ 
ternal carotid ariery A, Minimal filling of 
right internal carotid artery but good 
opacification of cervical, petrous, and 
cavernous left internal carotid artery {ar¬ 
rows). B. 2 sec later. Delayed lilling of 
rig hi internal carotid artery (arrows). 
Probable high-grade stenosis of proxi¬ 
mal right internal carotid artery in region 
obscured by calcific plaque. 


evaluation of the internal carotid system. However, his neurologic 
symptoms had cleared with medical treatment lor cardiac arrhyth¬ 
mias and formal transarterial angiography did not seem indicated. 
Intravenenous angiography, however, seemed appropriate for this 
possible high-risk patient who had no current clinical neurologic 
symptoms or signs. 

As the left carotid artery was of primary interest (positive left 
OSM/GPG studies), the intravenous angiogram was done with the 
patient in the right posterior oblique position using the standard 
amounl of contrast medium delivered at a standard rate. The linear 
subtraction of the cervical vessels was mapped (ie., the contrast 
was electronically enhanced) (fig. 3A). The cervical parts of the left 
and right internal and external carotid arteries are well visualized 
and entirely normal. However, those parts of the cervical and 
proximal intracranial vessels superimposed over bone are nol well 
visualized. 

To better demonstrate vascular structures that are partly super¬ 
imposed over soft tissue and partly over bone, a logarithmic-type 
subtraction was done in which the computer program considered 
the logarithmic characteristics of the a I ten I uat ion of x-ray by bone 
and soft tissue. This produces a more balanced image and improves 
the visibility of the vessels superimposed over bone. This is well 
demonstrated in figure 3B, which is a log-type subtraction film. Both 
carotid bifurcations and internal carotid arteries are excellently 
visualized up to and slightly above their petrous intracranial seg¬ 
ments. 

Ho abnormalities of the left internal carotid artery are evident on 
this study or on the several other projections. The patient wen I 
home for dinner alter ths outpatient procedure and the next week 
had general anesthesia and dental surgery without complication. 

Figures 3C-3F are examples of the same logarithmic subtracted 
image (image 7 minus reference image 4) in which the electronic 
contrast enhancement (map slope) is progressively increased in 
steepness. They demonstrate the effect this single manipulation has 
on improving Ihe visibility of arteries on the display TV image, 

Case 4 

A white man in his late 50's had severe, bilateral, lower extremity 
claudication. Examination demonstrated total absence of alt lower 
and upper extremity pulses, severe, chronic obstructive pulmonary 
disease, and a loud right carotid bruit. He had no neurologic 
symptoms or findings. Noninvasive Doppler and ocular pulse studies 


(OSM/OPG) were positive on (he right. The surgeons were unwilling 
to consider major aortic and lower extremity vascular reparative 
surgery without a carotid study. As no arm or leg vessels were 
available for transarterial catherizahon, intravenous angiography 
was indicated. 

The study was done with the patient in the left posterior oblique 
position to best demonstrate (he right carotid artery. The two 
logarithmic subtractions with electronic contrast enhancement (figs. 
4A and 4B) are separated by 2 sec A large amount of calcium 
obscures visualization of the right common carotid artery bifurca¬ 
tion. There is a minimal filling of the right internal carotid artery (fig, 
4A) bul good opacification of the cervical, petrous, and cavernous 
parts of the lefl internal carotid artery. Figure 4B shows definitely 
more contrast enhancement in the right internal carotid artery This 
indicates that the cephalad flow of contrast medium in this artery is 
significantly slower than that on the left, probably secondary to a 
high-grade stenosis in the poorly seen, proximal, right internal 
carotid artery. 

The images on this patient have significant superimposed motion 
artifacts in the neck and skull secondary to the prominent accessory 
respiratory muscular movements associated with his severe chronic 
obstruclive pulmonary disease. Because of his compromised pul¬ 
monary status and asymptomatic neurologic status, surgery on the 
right internal carotid artery was deferred until lower extremity vas¬ 
cular reparative surgery is clinically imperative. Repeat intravenous 
angiography wiil be done at that time to determine if the right 
internal carotid artery really became occluded in (he inlerim. 

Case 5 

A 78-year-old white man had vague "dizzy spells/" but no other 
neurologic symptoms or positive neurologic findings. Later, how¬ 
ever, positive right carotid OSM/OPG studies suggested either a 
high-grade stenosis or occlusion of the right internal carotid artery. 
In a patient this old with only minor neurologic symptoms and no 
neurologic deficit, standard transarterial angiography has an inor¬ 
dinately high risk unjustified by either symptoms or findings and 
intravenous angiography is appropriate. 

This study was done first in a left posterior oblique position with 
standard tehcnique and contrast material. A log-subtracted, 
mapped image of the cervical and proximal intracranial vessels (fig. 
5A) shows complete occlusion of the right internal carotid artery. 
To confirm this finding, repeal angiography in a right posterior 
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Fig. 5. —Case 5, 70-year-old man 
with minor neurologic symptoms, but 
suspected high-grade stenosis or occlu¬ 
sion of right internal carotid artery. A. 
Lefl posterior oblique log-subtracted, 
mapped image of cervical vessels . Com¬ 
plete occlusion (arrow) ol right internal 
carotid artery, a - left internal carotid 
artery; b = lefl verlebrlal artery; c = 
right external carotid arlery; d = right 
vertebral artery. 0. Right posterior 
oblique log-enhanced, mapped image 
immediately after first series a = left 
internal carotid artery, cervical segment; 
b - left internal carotid artery, petrous 
and cavernous segments; c = left ver¬ 
tebral artery; d = basilar artery; e - 
right vertebral artery; t = right external 
carotid arlery, cervical branches. 



A 


B 


oblique projeclion (fig 5B), also log-subtracted and mapped, dem¬ 
onstrates no visible right infernal carotid artery Right external 
carotid branches are seen, as are the left internal and external 
carotid arteries, both vertebral arteries, and the proximal basilar 
artery. 

We concluded that this patient had asymptomatically occluded 
his right internal carotid artery Intravenous angiography obviated 
transarterial angiography and its risks in this elderly patient. It also 
answered the question raised by the positive right carotid OSM/ 
OPG studies of whether this patient had an occlusion or a more 
dangerous, high-grade stenosis of his right internal carotid artery. 


Discussion 

Our goal has been to develop a noninvasive method of 
angiographically visualizing and screening the cervicoce- 
rebrovascular system. This was accomplished by using rel¬ 
atively small amounts of peripherally delivered intravenous 
contrast material. Development of a sophisticated, elec¬ 
tronic. video subtraction system capable of displaying the 
resultant low levels of intravascular contrast agent was the 
first step. A low-noise video TV camera system for collecting 
the data is very important. Digitization of the TV image data 
allows diverse and high-speed manipulations of these im¬ 
ages. After successful visualization of cervical and cerebral 
vessels in animals, we began to apply this technique to 
humans. 

The test is usually done on outpatients and no hospitali¬ 
zation before or after the study is required unless indicated 
by the results. Patient acceptance has been very good. 
They have appreciated our attempt to avoid intraarterial 
catheterization and all have specifically denied any pain 
associated with the injection of contrast material into the 
antecubital veins. We have successfully attempted to keep 
patient manipulation and volumes of contrast medium to a 
minimum. 

Several categories of clinical problems are specifically 
well addressed by intravenous angiography. Case 2 exem¬ 
plifies how the effects of surgical or medical therapy for 
cervical atherosclerotic lesions can be evaluated by this 


technique. This postoperative patient with only minimal 
symptomatology had his endarterectomy site evaluated 
without using transarterial angiography Clinical questions 
about the patency and configuration of the postoperative 
artery were answered, 

A second category of patients needing a screening-type 
angiographic test comprises those with asymptomatic bruits 
and positive noninvasive studies that may place them at 
higher anesthetic and surgical risk, as in case 3. This 
presurgical patient had a bruit and positive, noninvasive 
tests suggesting a significant carotid stenosis. The absence 
of clinical symptoms and neurologic findings were relative 
contraindications to transarterial angiography making him a 
good candidate for intravenous angiography. It demon¬ 
strated normal carotid arteries and he and his surgeons then 
confidently proceeded with his anticipated general anesthe¬ 
sia and surgery . 

A third important group for which intravenous angiogra¬ 
phy is an important alternative includes those in whom 
significant, generalized vascular disease either precludes or 
presents significant and perhaps hazardous contraindica¬ 
tions to transarterial catheterization, such as case 4, who 
had no palpable femoral or axillary pulses. This patient was 
also n euro logically asymptomatic, another reason for avoid¬ 
ing a transarterial study. In addition, he had such severe 
pulmonary disease if was questionable whether he could 
remain supine long enough for a complete, transarterial 
study. Demonstration of a probable high-grade stenosis in 
one carotid artery gave the surgeons information pertinent 
to their preoperative plans for anticipated major aortoiliac 
surgery, 

A fourth group of candidates for intravenous angiography 
comprises aged patients in whom standard transarterial 
catheter angiography has a higher morbidity. This is be¬ 
cause of increased vessel wall fragility, widespread athero¬ 
matous involvement with associated pelvic and cervical ves¬ 
sel tortuosity, and marked intimal surface irregularities. The 
latter predispose to higher possibilities of embolization dur¬ 
ing cathether manipulation. If these elderly patients have 
minor neurologic findings or have positive noninvasive tests, 
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angiographic evaluation is certainly desirable but selective 
catheterization carries a higher risk. The demonstration in 
case 5 of a complete occlusion of the right internal carotid 
artery and a normal left internal carotid artery precluded the 
necessity for any further angiographic evaluation in this 
older patient. 

One other targe and important group of patients that we 
have not begun to evaluate comprises those currently 
asymptomatic patients who are at high risk for development 
of atherosclerotic lesions. Some examples are: (1) patients 
with poorly controlled or chronic hypertension; (2) patients 
with insulin-dependent diabetes; (3) those with significant 
atherosclerotic disease in other parts of the vascular system 
(heart, kidneys, aortoiliofemoral system); and (4) those with 
metabolic problems that may predispose to atheromatous 
disease (hypercholesterolemia, hyperlipidemias, ? obesity). 

Our cases have demonstrated several features of current 
computer data manipulation. The striking increase in visibil¬ 
ity of those vessels superimposed over bony structures 
when logarithmic subtraction is applied to the images is well 
demonstrated in case 3 (figs. 3A and 3B). This capability is 
necessary for studying extracranial vessels superimposed 
over bone and intracranial vessels within and adjacent to 
the base of the skull. The advantage of obtaining sequential 
images simitar to a standard angiographic series is demon¬ 
strated in case 4, which shows delayed flow in the right 
internal carotid artery. This capability wilt soon be improved 
when this system is updated to accepting and digitizing up 
to 30 frames/sec. The study of cervical and intracranial 
arteriovenous malformations should be well served with this 
capability. The importance of high-speed digital computer 
processing and display of the data is emphasized in case 5. 
in which the initial intravenous angiogram was processed 
and displayed, immediately ascertaining the need for an¬ 
other projection. This capability is especially important with 
this technique because all the cervical and intracranial ves¬ 
sels are simultaneously opacified, and, therefore, are fre¬ 
quently superimposed. 

In the clinical application of this technique, we have iden¬ 
tified three problem areas not usually encountered with 
intraarterial angiography. The first, mentioned above, is that 
of the simultaneous opacification of all cervical and intracra¬ 
nial vessels. Currently, we are altering the patient s position 
to obtain different projections, Jn the first clinical unit now 
being installed, this study will be routinely done biplane, and 
stereoscopic capability is also planned. The latter will be 
especially important in intracranial studies. A second prob¬ 


lem is that computer-generated subtraction techniques 
seem much more sensitive to skeletal and even minor soft 
tissue movement than standard radiographic subtraction 
techniques. Currently, software programs for reference im¬ 
age manipulation in two axes are being refined. A third 
problem related to the second is that any calcification in the 
arterial wall is in constant motion and the images presented 
in case 4 show how difficult this is to subtract. Other 
techniques, currently being developed, will be necessary to 
address this problem, which is a frequent associated finding 
in large atheromatous plaques. 

Additional angiographic areas may become appropriately 
studied by intravenous angiography. These include post¬ 
operative evaluation of the patency and function of cervical- 
intracranial arterial bypasses, and follow-up studies of cer¬ 
vical, facial, and possibly intracranial arteriovenous malfor¬ 
mations and tumors after surgery or transcatheter therapeu¬ 
tic embolization. With improved image resolution we also 
hope to follow intracranial aneurysms and the associated 
arterial spasm after subarachnoid hemorrhage, thereby 
avoiding repeated transarterial catheterizations. 
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4.4 Computed radiography utilizing scanning laser 
stimulated luminescence 


Minoru Sonoda (born 1932) 


Minoru Sonoda was born with Japanese nationality on 9 January 1932, in Dalian, 
China. In 1954 he got his BTec in Industrial Chemistry (Physical Chemistry) from 
Kyoto University. 

From 1954 to 1996 he worked at Fuji Photo Film Co. Ltd (Fujifilm). From 1954 to 
1976, he worked in the field of R&D and commercialization of photographic emul¬ 
sion in the Production Technology Division and Ashigara Research Laboratories 
of Fujifilm. In 1976 he moved to become s manager at the Fujinomiya factory of 
Fujifilm and then became the General Manager of the whole Fujinomiya factory 
during 1980-1983. 

During the same period (1976-1983), he started and managed the R&D activi¬ 
ties in the Ashigara Research Laboratories of the new diagnostic X-ray imaging 
system which resulted in the invention of computed radiography. From 1985 to 
1989, he was the General Manager of the Ashigara Factory of Fujifilm. From 1989 
to 1991 he directed R&D activities on digital imaging equipment for medical imag¬ 
ing, graphic arts and color photographic imaging, etc., as the General Manager of 
the Miyanodai Technology Development Center of Fujifilm. From 1991 he directed 
product planning and commercialization of imaging equipment as the General 
Manager of the Equipment Product Division in the Tokyo headquarters office 
while leading the company as a Managing Director, a member of the board of 
Fujifilm. In 1996 he retired from Fujifilm. 

Minoru Sonoda was awarded the “Shin-Gijutsu Kaihatsu-sho” (New 
Technology Development Prize) by the Japanese Society for Medical and 
Bioengineering (JSMBE), for “the new technology development of computed radi¬ 
ography” in 1983 and the “Okochi Memorial Grand Technology Prize” by the 
Okochi Memorial Foundation, for “development of the new radiology imaging 
system” in 1992. 



Masao Takano (born 1937) 


Professor Masao Takano was born on 30 September 1937, in Kanagawa Prefecture, 
Japan. He got his B. Ed. in 1961 at the Department of Physics in the Faculty of 
Education of Yokohama National University. 

From 1961 to 1990, he worked at Fuji Photo Film Co. Ltd. (Fujifilm). From 1961 
to 1971 he worked as a Researcher at the Ashigara Laboratory of Fujifilm. During 
this period, his major work was on the physics of image quality evaluation meth¬ 
ods for photographic imaging. From 1971 to 1980, he continued his work in this 
field as Research Manager. In 1975, he joined a basic research research on a new di¬ 
agnostic X-ray system and later started a project for computed radiography (CR). 
From 1980 to 1987, he worked as Project Leader for development of CR. During 
this period, he conducted the first clinical evaluation of CR and headed the devel¬ 
opment of the first-generation CR product which debuted in Japan, the USA, and 
Europe in 1983. He headed continuing development of CR products at the 
Miyanodai Technology Development Center of Fujifilm. In 1987 he moved to the 
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Equipment Product Division of Fujifilm and headed business and product devel¬ 
opment of CR as Senior Manager until 1990. From 1991 to 2001, he was a Director, 
a member of the board of Fuji Medical Systems Co. Ltd. In 2001, he moved to 
Komazawa Junior College. Presently (2004), he is Professor in the Department of 
Radiology of Komazawa Junior College. 

Masao Takano was awarded the “New Technology Development Prize” by the 
Japanese Society for Medical and Bioengineering (JSMBE), for “the new technolo¬ 
gy development of computed radiography” in 1983, the “Persons of health science 
merits: Commendation by the Minister of Health and Welfare”, for “New X-ray 
Imaging System” in 1987, the “Okochi Memorial Technology Grand Prize” by the 
Okochi Memorial Foundation, for “Development of a New Radiology Imaging 
System” in 1992, the “Special Development Prize” by the Japan Industries 
Association of Radiological Systems (JIRA), for the “Development of Computed 
Radiography” in 1997 and the “Persons of scientific and technological merits: 
Commendation by the Minister of Education, Culture, Sports, Science and 
Technology”, for “Image Processing System” in 2002. 


Junji Miyahara (born 1942) 


Professor Junji Miyahara was born on 9 April 1942 in the City of Shimizu, 
Shizuoka Prefecture, Japan. He got his BSc in Material Science in 1965 and his MSc 
in 1967 from Nagoya University. 

From 1967 to 1970 Miyahara worked as a Researcher at NGK Insulators Ltd. 

From 1970 to 1998 he worked as a Researcher at the Fuji Photo Film Co. Ltd. 
(Fujifilm). During this period, his major works were the development of medical 
X-ray film and basic researches on photo-stimulable phosphors and their product 
developments, which are used for computed radiography and digital biomedical 
imaging systems today. In 1975, he joined a basic research activity on the new diag¬ 
nostic X-ray system and later a project for computed radiography, and played a 
major role in the development of the stimulable phosphor plate detector, which 
nowadays is known as the Imaging Plate. And he contributed to the introduction 
of CR in the 1980s. Through the 1980s and 1990s he was in charge of imaging ma¬ 
terial and new imaging device R&D as a Senior Manager at Fujifilm. 

From 1998 to 2004, Miyahara worked as a professor at Hitotsubashi University 
and headed the Innovation Research Center. 

Presently (2004), he is Professor in the Management of Science and Technology 
at the Postgraduate School of Tokyo University of Science. 

Awards: 1983: “Shin-Gijutsu Kaihatsu-sho” (New Technology Development 
Prize) by the Japanese Society for Medical and Bioengineering (JSMBE), for the 
“new technology development of Computed Radiography”; 1988: “Invention 
Prize” by the Japan Institute of Invention and Innovation, for “Method and 
Apparatus for Manufacturing Silver-halide Particles”; 1992: “Okochi Memorial 
Grand Technology Prize” by the Okochi Memorial Foundation, for “Development 
of a New Radiology Imaging System”; 1992: “The Special Award of CrSJ” by the 
Crystallographic Society of Japan, for “Development of the Imaging Plate”; 2000: 
“The Prize of the Chairman of HATSUMEI KYOKAI (Jill)” by the Japan Institute 
of Invention and Innovation, for “Invention of the High-sensitivity Biomedical 
Imaging Method”. 
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Hisatoyo Kato (born 1944) 


Hisatoyo Kato was born on 25 May 1944 in the city of Nagoya, Aichi Prefecture, 
Japan. He got his BSc in Applied physics in 1967 and his MSc 1969 from the 
University of Tokyo. 

From 1969 to the present, he has been working at Fuji Photo Film Co., Ltd 
(Fujifilm). From 1969 to 1972, he worked in the Ashigara Factory of Fujifilm. From 
1972 to 1974, he temporarily joined Stanford University, CA as a visiting researcher 
and conducted studies on the applying computer technology to photographic im¬ 
age processing. In 1974, he returned to Fujifilm and worked as a researcher in the 
Ashigara Research Laboratories. In 1975, he joined a basic research activity on the 
new diagnostic X-ray system and later a project for computed radiography, and 
played a major role in the development of the key technologies such as digital im¬ 
age processing and laser scanner. In 1981 he participated in the International 
Congress of Radiology (ICR) at Brussels, and contributed to the first announce¬ 
ment of the computed radiography technology. In 1981, he moved to Miyanodai 
Technology Development Center of Fujifilm and managed development activities 
of computed radiography products as a Research Manager and later headed R&D 
activities of digital image processing as a Senior Manager until 1998. From 1998 to 
2000, he directed product planning of imaging equipment as the General 
Manager of the Product Planning Division of Equipment Product Division in the 
Tokyo headquarters of Fujifilm. From 2000 to 2003, he directed R&D activities on 
digital imaging equipment for medical imaging, graphic arts and color photo¬ 
graphic imaging, etc., as the General Manager of the Miyanodai Technology 
Development Center. 

Presently, he is Deputy General Manager and General Manager of Business 
Development Division, Research & Development Management Headquarters. 
From 2003 he has been leading the company as a Director, a member of the board 
of Fujifilm. 

Hisatoyo Kato was awarded the “Shin-Gijutsu Kaihatsu-sho (New Technology 
Development Prize)” by the Japanese Society for Medical and Bioengineering 
(JSMBE) for the new technology development of “Computed Radiography” in 
1983, the “Okochi Memorial Prize” by the Okochi Memorial Foundation for 
“Development of New Radiology Imaging System” in 1992, and “The Prize of the 
Chairman of Hatsumei Kyokai” by the Japan Institute of Invention and Innovation 
for “Invention of High-sensitivity Biomedical Imaging Method” in 2000. 
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[Reprinted from RADIOLOGY h VoL 148, No, 3, Pages 833-838, September, 1983 .] 
Copyright 1983 by the Radiological Society of North America, Incorporated 

RADIATION PHYSICS 


Minoru Sonoda, M.S, 
Masao Takano, M.S. 
Junji Miyahara, M.S* 
Hisatoyo Kato, M.S. 


Computed Radiography Utilizing 
Scanning Laser Stimulated 
Luminescence 1 


A new system of computed radiography 
that is based on new concepts and the lat¬ 
est computer technologies has been de¬ 
veloped. This system eliminates the 
drawbacks of conventional screen-film 
radiography* The basic principle of the 
system is the conversion of the x-ray en¬ 
ergy pattern into digital signals utilizing 
scanning laser stimulated luminescence 
(SLSL). 

Index terms: Lasers * Radiography, computer- 
assisted * Radiography, digital * Radiography, 
instrumentation 

Radiology 148: 833-838, September 1983 


1 From the Technology Development Center, Mtya- 
nodai, Fuji Photo Film Co., Ltd., Kanagawa, japan. Re- 
ceived Sep, 13 r 1982; revision requested Nov, iO; revi¬ 
sion received Feb. IS, 1983; accepted March 29. cp 


C ONVENTIONAL RADIOGRAPHS are usually produced by combining 
photographic film with an intensifying screen. The screen 
converts x-ray energy into light of corresponding intensity, and an 
image is formed on the exposed film. Thus, the film serves as the 
image sensor as well as the image display medium. The film must 
have high performance ability as both the image sensor, which re¬ 
quires high speed and wide latitude, and as the image display medi¬ 
um, which requires good contrast and low noise. Theoretically, 
however, these performance aspects are mutually conflicting in 
certain respects, and the film is necessarily designed with compro¬ 
mise, and performance is sacrificed to some degree in both capaci¬ 
ties. 

Inspired by the success of computed tomography (CT), new 
methods of radiographic imaging have come into vogue that utilize 
recent advances in electronics and computer technologies to realize 
better diagnostic efficacy, and to evolve new diagnostic modalities. 
These are generally known as digital radiography (1), where the x-ray 
sensor is mainly either the conventional image intensifierand tele¬ 
vision-camera combination or the linear array sensor as used in CT. 
The basic quality of the digital image is not limited by digital pro¬ 
cessing but in large measure by the performance of the sensor itself 
in regard to resolving power and signal to noise ratio. Unfortunately, 
existing sensors are incapable of yielding images with quality com¬ 
parable to that of the screen-film method. 

Other plate-transfer systems such as xeroradiography have been 
developed to overcome the limitation of the existing sensor tech¬ 
nology (2,3). We have developed a new type of computed radiogra¬ 
phy in which photostimulabie phosphors are used as the memory 
material for temporarily storing the x-ray image. 

MATERIALS AND METHODS 

The basic constituents of the system are the image sensor, called 
the imaging plate in this specific system, which temporarily stores 
the x-ray energy pattern; the image reader, which converts the latent 
image on the imaging plate into analog and subsequently digital 
time-series signals, the image processor, which manipulates the image 
digitally; and the image recorder, which records the processed signals 
on a film (Fig, 1). 

Imaging Plate 

The imaging plate is a flexible plate less than 1-mm thick that is 
coated with minute crystals of photostimulabie phosphor in an or¬ 
ganic binder. It can be used to obtain radiographs in exactly the same 
way as the screen-film combination is used in conventional radiog¬ 
raphy. 

Photostimulabie phosphors (4) are capable of storing the energy 
absorbed in quasistable states when excited by x rays, electrons, ul¬ 
traviolet rays, etc, and of emitting luminescence radiation corre- 
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A basic block diagram of the 
new computed radiography 
process. 


Figure 1 

X-RAY PATIENT IMAGING 
TUBE PLATE 



sponding to the absorbed energy when 
stimulated by visible or infrared ra¬ 
diation. This phenomenon is generally 
called "photostimulable luminescence" 
(PSL). 

After the x-ray image is stored on the 
imaging plate, it is scanned with a 633 
nanometer (run) helium-neon laser 
beam to produce P$L radiation corre¬ 
sponding to the absorbed x-ray energy, 
and this is then converted to time-se¬ 
ries signals by a photodetector The 
signal output from the detector is an 
analog signal as a function of time, and 
the output from the analog-to-digital 
converter is the time-series digital 
signal that is being processed. The most 
appropriate term to express the system 


characteristics is "scanning laser stim¬ 
ulated luminescence" (SLSL), 

The imaging plate can be used re¬ 
peatedly to store x-ray images simply 
by flooding it with light to erase the 
residual energy it contains. The ex¬ 
pected life of the plate is limited 
mainly by mechanical damage such as 
scratches: it is not limited by the 
physical fatigue of the PSL phenom¬ 
enon. 

The requisite properties of the 
imaging plate are as follows: First, it 
must have high sensitivity in emitting 
PSL radiation when stimulated by 633 
nm of visible light. The emission 
spectrum should be in the range of 
300-500 nm where photomultiplier 


Figure 2 



WAVELENGTH ( nm 

a. 

a. Stimulation spectra of BaFX:Eu (X = Cl, Br, I), 

b. Photostimulabie luminescence spectra of BaFX:Eu (X - Cl, Br, I). 


tubes have high quantum efficiency. 
Second, the response time of the PSL 
must be less than 10 ^sec to permit the 
high speed reading of the image for 
practical use. Finally, no substantial 
fading for eight hours (a typical 
working day) is necessary for practical 
use. 

None of the photostimulable phos¬ 
phors known can satisfy all of these 
requisites. We therefore made a search 
for the ideal photostimulable phos¬ 
phors and discovered BaFX:Eu (X = Cl, 
Br, I), europium-activated barium-fiu- 
orohalide compounds. By controlling 
the composition and manufacturing 
process of these compounds, we were 
able to make them emit strong PSL ra¬ 
diation. The spectra of the light that 
stimulate the phosphor, called stimu¬ 
lation spectra, and the spectra of the 
light emitted as a result of the photo¬ 
stimulable luminescence process, 
called PSL spectra, are displayed in 
Figure 2. The stimulation spectrum in 
the case of X = Br is comparatively 
wide with its main peak at about 590 
nm and a duster of several peaks at 
about 530 nm. In the case of X = Cl, the 
peak shifts to the shorter wavelength, 
and in the case of X = I, it shifts to the 
longer wavelength (Fig. 2a). The PSL 
spectrum in the case of X = Br peaks at 
about 390 nm, which is interpreted as 
the luminescence of the Eu ++ . Shifts 
similar to that of the stimulation spec¬ 
trum occur by changing the halogen 
(Fig. 2b). The response times are 7.0 
Msec (X = Cl), 0,8 Msec (X - Br), and 0,6 
Msec (X - I). The dynamic range is ex¬ 
tremely wide as shown in Figure 3, 
which means that it can accommodate 
a wide range of radiographic exposures 
when it is used as an image sensor. 

Image Reader 

The stored image must be read by 
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scanning to convert it into time-series 
signals. Scanning is performed with a 
laser beam that is deflected by a scan¬ 
ning mirror while the imaging plate is 
traversed so as to form an orthogonal 
scan as illustrated in Figure 4. The lu¬ 
minescence radiation stimulated by the 
laser scanning is collected through a 
light guide into a photomultiplier tube 
(PMT), which converts it into electric 
signals. 

The contrast and energy detectivity 
of the SLSL system is basically deter¬ 
mined by the number of available ex¬ 
posure quanta and its statistical 
changes in the following processes. 
The system is composed of cascade 
random processes (Fig, 5), and these 
processes are supposed to be ideal, with 
no loss of detectivity, in so far as each 
absorbed x-ray quantum is amplified to 
the sufficient amount of photons and 
electrons in these processes (5). We 
designed the system so that the average 
number of photoeiectrons at the PMT 
cathode would be at least 10 times more 
than that of absorbed x-ray quanta, by 
adjusting design parameters such as the 
stimulation efficiency of the imaging 
plate, the stimulation energy of the 
laser, the light collection efficiency of 
the optics, and the quantum efficiency 
of the PMT cathode. 

The contrast and energy detectivity 
is therefore determined only by the 
absorption quantum efficiency of the 
imaging plate, which is approximately 
50% (SO kVp), although it should be 
more accurately estimated. 


Image Processor 

The image signals that are sent into 
the image processor are processed 
digitally (6,7). The main types of digi¬ 
tal processing available are contrast 
enhancement, spatial frequency en¬ 
hancement; and digital manipulation 
of images such as image subtraction, 
image addition, and functional 
imaging. 


Image Recorder 

The image recorder reconverts the 
processed digital signals back into an¬ 
alog signals that modulate the intensity 
of another helium-neon laser beam by 
means of an acousto-optical modulator. 
The modulated laser beam is then used 
to scan over a photographic film to 
imprint the processed image on it. The 
film is finally developed to produce the 
computed radiograph. 

The specifications of the image 
reader and recorder (Fig. 6) were de¬ 
termined so that they are capable of 
producing images that are comparable 
or superior to those of the conventional 
screen-film system. 


Volume 143 Numbers 


The operating characteristics of the 
SLSL system are shown in Figure 7. 
The first quadrant, which is essentially 
the same as Figure 3, shows the char¬ 
acteristics of the imaging plate. Notice 
again that the dynamic range is more 
than 1:10 4 , which means that the 
imaging plate can accommodate a wide 
range of radiographic exposures. The 
second quadrant shows the relation¬ 
ship between the input signals corre¬ 
sponding to the PSL radiation and the 
output electric signals for the film re¬ 
cording The sensitivity and dynamic 
range of the radiation detector are au¬ 
tomatically adjusted to the exposure 
level and exposure range of the stored 
image so that the digital signals are 
normalized for a wide range of radio- 
graphic exposure conditions. Examples 
I and II (in Fig. 7, quadrant II) represent 
higher exposure level/narrower ex¬ 
posure range, and lower exposure 
level/wider exposure range, respec¬ 
tively. These examples are processed in 
the computer using different process¬ 
ing conditions (such as Processings I 
and II, respectively), so that the output 


Figure 1 



Dynamic range of the imaging plate. 


Figure 5 
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signals occupy the same range. Digital 
image processing such as contrast en¬ 
hancement and spatial frequency en¬ 
hancement can be done at this stage. 
For example. Processing II has an S- 
shape gradation as compared with the 
straight gradation in Processing I, The 
third quadrant shows the film charac¬ 
teristics. It features high sensitivity at 
the wavelength of 633 nm, fine grain, 
and wide exposure latitude for the 
faithful reproduction of the digital 
signals. Finally, the fourth quadrant 
shows a sum of the characteristics in 
the form of total reproduction curve, 
Le., film-density versus x-ray exposure 
curve. In the screen-film system, only 
one reproduction curve is available 
since the sensitivity and dynamic 
range of the screen-film combination 
is fixed. Suppose that a screen-film 
combination is designed for the expo¬ 
sure Example L The right curve in the 
fourth quadrant may be the fixed re¬ 
production curve, and it will not fit any 


Figure 4 
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Specifications of the 
image reader and re¬ 
corder. 


Figure 6 



READER 

RECORDER 

IMAGE FORMAT 

43.2 x 35.6 cm 

35.6 x 35.6 cm 

30.5 x 25,4cm 

20.3 X 25-4 cm 

21,4 x 17.6 cm 

17.6 x 17.6 cm 

20.1 x 16.7 cm 

20.0 x 25.1 cm 

sampling RASTER 

10 - 5 piael j/Tram 

10 pixel t/mm 

LASER SPOT SIZE 

JOO micron? 

120 microns 

GRAY LEVELS 

© bits (A/D) 

10 bits tD/A) 

SPEED 

90 see 

tor 43.2 x 35.6 cm 

90 sec 

ter 2 (.4 x 17.6 cm 

LASER POWER 

15 mW 

0 i nnW 



Figure S 


Overall view of the 
prototype system.. 



RESULTS 

Figure 8 shows an overall view of the 
prototype units developed for the SLSL 
system. All that is necessary is to insert 
the daylight type cassette or magazine 
containing the exposed imaging plate 
into the feeder. Image reading and 
processing conditions can be preset in 
the computer for full automatic oper¬ 
ation. It takes about 90 seconds to read, 
process, and record the image simul¬ 
taneously on film in the case of a 43.2 
cm X 35,6 cm imaging plate, and an¬ 
other 90 seconds to develop the film; 
the total processing time is therefore 
about 180 seconds. Settings for image 
reading and processing can also be 
made manually through the console, in 
which case the digital signals are first 
recorded on a disc, and then manipu¬ 
lated to change digital processing pa¬ 
rameters. The system is currently 
undergoing evaluation at several 
clinics. 

Figure 9 compares the radiation 
dosage of conventional and computed 
radiography and demonstrates the 
possibility of dosage reduction. Figure 
9a was obtained with a medium-speed 
screen-film combination Figure 9b was 
obtained with the SLSL system but 
with one tenth the dosage used to ob¬ 
tain the conventional radiograph. The 
exposure can be reduced as much as the 
sensitivity of the PMT can be raised, 
but the excessive reduction will result 
in severe quantum mottle as compared 
in Figures 9c and 9d, How low the ex¬ 
posure should be would therefore de¬ 
pend on the diagnostic case. 

Figure 10 shows a lateral view of the 
abdomen. Because of the wide latitude 
and the proper image processing, both 
soft tissues and bones are clearly dem¬ 
onstrated in the SLSL system (Fig. 10a). 
The dynamic range of the image in this 
case is about 1:100, which is far beyond 
the acceptable range of the conven¬ 
tional screen-film radiograph {Fig. 
10b). The spatial frequency enhance¬ 
ment in Figure 10a peaks in the vicinity 
of 0-5 cycles/ mm. 

Digital subtraction angiography can 
also be performed in the SLSL system. 
In this case, two images stored on sep¬ 
arate imaging plates, one obtained be¬ 
fore and another after injection of 
contrast material, are converted into 
digital signals and then subtracted 
from each other after the digital posi¬ 
tion-matching is carried out. 


other type of exposure conditions. In 
the SLSL system, however, innumera¬ 
ble reproduction curves are possible 
because of the sensitivity and dynamic 
range adjustment mechanism of the 
computer. The left curve in the fourth 


quadrant may be one such example; it 
is adjusted to the exposure Example II. 
A clear conclusion is that compared 
with the conventional screen-film 
system the image reproduction range 
is much wider and more flexible. 


DISCUSSION 

Computed radiography is a digital 
system and the first stage of develop¬ 
ment has just been completed. It is a 
possible replacement for some of the 
conventional screen-film methods, and 
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Figure 9 



c. d. 


a. A conventional screen-film radiograph, Exposure settings were BO kVp, 7.7 mAs, 150 cm FFD, and grid 8:1.34 1 /cm. The entrance exposure 
was 20 mR (516 pC/kg), Fuji RX film and Fuji Hi-screen were used. 

b. A new computed radiograph. Exposure settings were SO kVp, 0.64 mAs, 150 cm FFD, and grid 8:1.34 1 fern. The skin dosage was one-tenth 
of that used in obtaining the radiograph in Fig. 9a. The spatial frequency enhancement in the vicinity of 0.25 cycles/mm was performed. 

c* Enlarged portion of Fig. 9a. 
d. Enlarged portion of Fig. 9b. 


it will open up new diagnostic modal¬ 
ities by taking advantage of the new 
technologies. For instance, the digitally 
processed image is presently repro¬ 
duced on a photographic film, but de¬ 


pending on the case, it could be pro¬ 
jected on a CRT screen to meet various 
diagnostic requirements. The imaging 
plate and the image reader could be 
built into the x-ray stand or bed to re¬ 


alize immediate conversion of the x-ray 
pattern into digital signals that would 
then be transmitted to a central reading 
room for image processing and repro¬ 
duction, Radiographs could be per- 
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Figure 10 



a. b„ 

a. A new computed rad iogra ph. 

b, A conventional screen-film radiograph. Both radiographs were obtained under the same exposure settings of 95 kVp, 
30 mAs, 120 cm FFD, and grid 10:1.401/cm. The entrance exposure was 350 mR (90.3 jiC/kg). 


manently stored on a digital memory 
disc so that radiographic film could be 
destroyed for silver recovery. 

In the future, it has the potential of 
developing into a total radiographic 
filing system employing a large scale 
memory on optical discs to facilitate the 
exchange of medical images and in¬ 
formation between hospitals. 

Minoru So nod a, MS. 

Fuji Photo Film Co., Ltd. 

Technology Development Center, Miyanodai 
Kaiseimachi, Ashigarakamigun 
Kanagawa 258, Japan 


References 

L Arnold BA, Eisenberg H, Borger D, Metberell 
A. Digital radiography: an overview. Ap- 
plication of Optical Instrumentation in 
Medicine IX. SFIE 1981; 273 215-226 

2. Boag JW, Xeroradiography, Phys Med Biol 
1973;18:3-37, 

3. LotharSJ, Klynn LM. Electronic recording 
of x-ray images. J Applied Photographic Em 
g ineering 1979; 5; 183-189. 

4. Leverenx HW. An Introduction to Lumi¬ 
nescence of Solids. New York: Dover Publi¬ 
cations, 1968; 150. 

5. Dainty JC Shaw R, Image Science. London: 
Academic Press, 1974; 172, 

6. Ishida M, Kato H. Improvement of diag¬ 
nostic quality of radiographic images by 


using image processing technique. Presented 
at the International Conference on Electronic 
Imaging (SPSE), Washington, DC, November 
1980. 

7, Ishida M, Kato H, Dei K, Frank PH. Deveh 
opment of a new digital radiographic image 
processing system. Application of Optical 
Instrumentation in Medicine X SFIE 1982; 
347:42-48, 


838 * Radiology 


September 


1983 



298 


Chapter 4 Digital Imaging 


4.5 Digital radiography of the chest: 

clinical experience with a prototype unit 


Robert Gordon Fraser (1921-2002) 


Robert Gordon Fraser was born in Winnipeg, Manitoba, Canada on 30 June 1921. 
Dr. Fraser was educated at Upper Canada College (1929-1938), the University of 
Toronto (1939) and the University of Manitoba Medical School (1940-1945), where 
he got his MD. Much of his academic career was spent at McGill University in 
Montreal, where he became Chairman of Radiology (1971-1976); in 1976 he moved 
to Birmingham, where he was Professor of Diagnostic Radiology at the University 
of Alabama (1976-1988). He became Professor Emeritus in 1988. 

Dr. Fraser was appointed Fellow of the American College of Radiology (1971) 
and the American College of Chest Physicians (1983). The Royal College of 
Radiology, UK awarded him their Honorary Fellowship in 1984. He was a gold 
medallist and a “living legend” of the Radiological Society of North America 
(1990) and the American Roentgen Ray Society (1989). He was appointed visiting 
Professor in Perpetuity at the University of Santiago de Compostela, Spain (1991) 
and was awarded Honorary Doctor of Science at McGill University (1992). 

Dr. Fraser was also former president of the Canadian Association of Radiologists 
and a co-founder of the Fleischner Society, an International Interdisciplinary 
Society dedicated to studies of the chest. 

He published 67 original papers, 7 books and 12 book chapters. 

Dr. Robert Gordon Fraser died on 12 April 2002. 

Picture courtesy Sheila M Wright, Department of Radiology, University of 
Alabama at Birmingham, 2004. 
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DIAGNOSTIC RADIOLOGY 


Robert G. Fraser, M*D* 
Eamann Breatnach, M*D. 
Gary T* Barnes, Ph.D. 


Digital Radiography of the Chest: 
Clinical Experience with a Prototype 
Unit 1 


A prototype digital unit dedicated to 
chest radiography was used to examine 50 
selected patients for a comparison study 
of the capability of digital images and 
conventional chest radiographs to reveal 
normal anatomic structures and a variety 
of pathologic states. The images in both 
modes were submitted for interpretation 
to seven experienced radiologists and a 
standardized questionnaire completed for 
each. Visibility of seven anatomic struc¬ 
tures in the mediastinum was consistent¬ 
ly better on the digital images than on 
the conventional radiographs. With 
minor exceptions, pathologic states were 
equally well seen in the two systems* De¬ 
spite the less familiar viewing format of 
the digital images, the mean confidence 
levels achieved were higher than for 
those on the conventional radiographs; 
this difference was statistically signifi¬ 
cant both for normal anatomic structures 
(p = 0.00X)i and pathologic states ip — 

0.01), The advantages and disadvantages 
of the digital technique are discussed* 

Index terms: Radiography, digital * Thorax, 
radiography, 6(0). 110 

Radiology 14B: 1-5, July 1985 


1 Prom the Department of Diagnostic Radiology, 
Hospitals of the University of Alabama in Birming¬ 
ham, Birmingham, AL. Presented at the Sixty-eighth 
Scientific Assembly and Annual Meeting of the Radio¬ 
logical Society of North America, Chicago, IL, Nov. 
28-Dec, 3, 1982. Received Nov. 26, 1982; accepted and 
revision requested Jan, 11, 1983; revision received Jan. 
31, 1983. 

See also the paper by Tesicet al. (pp. 259-264) in 
this issue. ht 


S ince February 1982, a prototype digital unit dedicated to chest 
radiography (designed and constructed by Picker International, 
Cleveland, OH) has been on clinical trial in the Department of Di¬ 
agnostic Radiology of the Medical Center of the University of Ala¬ 
bama in Birmingham. Over a six-month period, approximately 400 
patients have been examined; all examinations were governed by a 
strict investigational "human-use" protocol and patient acquiescence 
was almost universal. All patients underwent conventional chest 
radiography on a dedicated high-kV chest unit followed within 
minutes by identical projections obtained on the digital unit across 
the hall. 

We report the results of a study designed to compare the capability 
of digital images and conventional chest radiographs to reveal normal 
anatomic structures and a variety of pathologic states. 

METHODS AND MATERIALS 


Apparatus 

The operational principles and physical performance characteris¬ 
tics of the apparatus have been described in detail elsewhere (1-3). 
Briefly, the unit employs a vertical x-ray fan beam that scans 
transversely across the patient. The beam is defined by a 0.5-mm 
fore-slit collimator positioned between the x-ray tube and the patient, 
and a 1.0-mm aft-slit collimator positioned between the patient and 
detector array (Fig, 1). After traversing the patient and aft-slit colli¬ 
mator, the x-ray beam strikes a vertically oriented linear detector array 
that consists of 1,024 photodiodes coupled to a gadolinium oxysulfide 
screen. The diodes measure 0*5 mm and are contiguous, resulting in 
a total array length of 512 mm (1,024 pixels) or 20 inches. An equal 
number of horizontal values is obtained by sampling the pixels over 
a transverse scan of 20 inches. The photodiode signals are initially 
digitized with 12-bit precision by analog-to-digital converters and 
are later compressed to 8 bits. The x-ray tube, collimator slits, and 
detector array are mechanically linked together and scan across the 
patient in 4.5 seconds. The gantry that houses these elements offers 
convenience for erect patient positioning, the tube and detector as¬ 
sembly being raised or lowered to accommodate patients of different 
height. 

The viewing console consists of four 525-line cathode ray tube 
(CRT) monitors, one for communication with the computer and three 
for displaying images: one in poste roan tenor projection, one in lateral 
projection, and the third providing a two-times magnification zoom 
image of any selected region of either projection. Assuming the size 
of conventional radiographic images as 100%, the dimensions of the 
standard CRT images were 42% and of the 2 X magnification images 
84%, Images appear on the monitors within four seconds of radio- 
graphic exposure and can be viewed in either the negative (traditional 
radiographic) or positive (reverse) phase (Fig. 2). Density and 
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Figure 1 



Diagram of the alignment of x-ray tube, fore¬ 
slit collimator, patient, aft-slit collimator, and 
detector array viewed from above. The line 
extending from the tube to the detectors rep¬ 
resents the vertical x-ray fan beam. 


brightness levels can be varied by 
window and level settings much the 
same as on computed tomographic 
apparatus (Fig. 3). Film copies of the 
CRT images in either the negative or 
positive phase can be made on an ex¬ 
perimental multi form at camera. 

Scatter is virtually nonexistent, in 
contrast to conventional screen-film 
systems. Entrance skin exposures of the 
digital system (approximately 25 mR 
[6.45 X 10" 3 mC/kg]) are roughly 
double those of the conventional 
system. 

Methods 

From the approximately 400 pa¬ 
tients examined, 50 were selected 
whose conventional radiographs dis¬ 
played a variety of appearances, in¬ 
cluding no abnormality and a wide 
range of pathologic states. All patients 
were ambulant and the majority were 
hospitalized; there were 34 men and 16 
women ranging in age from 20 to 58 
years (the protocol excluded patients 
under 1$ years of age). 

The images in both modes were 
randomized, arranged in groups of 
seven, and submitted for interpretation 
to seven experienced, board-certified 
radiologists; only two of the seven ob¬ 
servers (R.G.F. and E.B.) had any input 
into the selection of the 50 patients 
being studied or had any knowledge of 
the ratio of normal to abnormal cases. 
At each viewing session, 14 pairs of 
images, seven digital and seven con¬ 
ventional, were viewed and a stan¬ 
dardized questionnaire completed for 
each. The questionnaire consisted of 
two parts, the first dealing with normal 
anatomic structures and the second 
with pathologic states. The visibility of 
seven normal anatomic structures was 
stated to be complete, partial, or none. 


and each observation was given a 
confidence level ranging from one to 
three. Fourteen questions related to the 
presence of disease; specific pathologic 
states were identified on the ques¬ 
tionnaire, and the reviewers were re¬ 
quired to state presence or absence, 
again with confidence levels. Radio- 
graphic abnormalities included a 
number of readily identifiable high- 
contrast opacities ( e.g atelectasis, 
pleural effusion, large masses) and a 
range of more subtle abnormalities of 
finer definition {eg., septal lines, oli¬ 
gemia, small nodules), All patient 
identity was obscured. 

Viewing conditions were standard¬ 
ized and an unbiased observer was 
present at each reading session. Prior 
to the performance of the actual study, 
each observer took part in two pilot 
study sessions in which 14 digital and 
conventional radiographic examina¬ 
tions were reviewed to familiarize 
viewers with the operation of the dig¬ 
ital apparatus, to standardize descrip¬ 
tive terminology, and to optimize the 
format of the questionnaire. 

RESULTS 

For each question asked on the 
questionnaire, there were 350 re¬ 
sponses in each mode (50 patients X 
seven viewers). The results are plotted 
in two bar diagrams, one for normal 
anatomic structures (Fig. 4) and the 
other for pathologic states (Fig. 5). The 
results can be summarized as follows. 

Visibility of the seven anatomic 
structures in the mediastinum was 
consistently better on the digital im¬ 
ages than on the conventional radio¬ 
graphs. In each case, the difference was 
statistically significant. The improve¬ 
ment was clearly attributable to the 
facility of digital image manipulation 
through the window /level capability 
and the resultant increase in exposure 
latitude and low-contrast detect¬ 
ability. 

With minor exceptions, pathologic 
states were equally well seen in the two 
systems and in no case was the differ¬ 
ence in detectability of abnormalities 
greater than would be anticipated from 
interobserver variability. 

For each observation made on both 
the digital images and conventional 
radiographs a confidence level ranging 
from one (low) to three (high) was re¬ 
corded, Despite the less familiar 
viewing format of the digital images, 
the mean confidence levels achieved 
were higher than for those on the 
conventional radiographs. This dif¬ 
ference was statistically significant for 
both normal anatomic structures (p = 
0.001) and pathologic states (p - 
0 , 01 ). 


DISCUSSION 

Certain aspects of the methodology 
of the study deserve comment. First, 
selection of patients was based on 
findings on conventional chest radio¬ 
graphs, a technique that introduced 
bias in favor of that mode of examina¬ 
tion. However, this method was con¬ 
sidered justified in order to include as 
wide a spectrum of radiographic ap¬ 
pearances as possible within the sam¬ 
ple of 50 patients; to have selected 50 
patients at random would surely have 
introduced into the group an unrea¬ 
sonable number of normal subjects. 
Second, comparison between the two 
systems was not based on a specific 
truth-data requirement, as it was 
thought better to have questionable 
truth on a reasonable representative 
sample than to have highly accurate 
truth on the grossly distorted sample 
that would have been available were 
pathologic proof required (4). Third, a 
committee of excellence as a method 
for establishing truth was considered 
inappropriate because of the contro¬ 
versial nature of such strategy; rather, 
we considered that the reliability of 
results could be based on the compar¬ 
ative nature of the study itself and on 
the validity of response of seven certi¬ 
fied and experienced radiologists who 
were seeing the same patients in the 
two systems. Differences in observer 
interpretation with regard to the com¬ 
pletion of the questionnaire were 
minimized by initial discussion of ex¬ 
actly what was meant by each question 
and by the performance of two pilot 
studies, the results of which were dis¬ 
cussed fully with each observer. 

As might be expected, there was 
some variability in the technical qual¬ 
ity of the conventional radiographs 
because of differences in patient 
weight and body habitus; three of the 
50 patients in the study required repeat 
exposures for technical reasons. By 
contrast, none of the digital examina¬ 
tions had to be repeated, and, in fact, 
the digital images were of remarkably 
uniform technical quality; an image 
that initially appeared overexposed or 
underexposed could be rapidly 
brought to levels of ideal density and 
brightness by varying the window and 
level settings. Despite the 4,5-second 
scan time, heart motion was seldom if 
ever a problem, being minimized by 
the vertical beam geometry and a Si- 
msec regional beam transit time (beam 
width divided by scan velocity). 

We were concerned about the facility 
with which the observers would adapt 
to the new format of viewing images 
on CRT monitors, although some of 
them had had considerable experience 
with computed tomography. In fact. 
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Figure 3 



a. 



Digital images of the chest of a 25-year-old man with metastatic teratocarcinoma. The window and level settings in a were manipulated to depict 
the lungs to best advantage whereas those in b were modified to permit penetration of the mediastinum, In b, note the improved visibility of 
the trachea and main bronchi and of the large nodule behind the heart on the left. 
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Figure 4 


NORMAL ANATOMIC STRUCTURES 
EH Digital n Conventional 



Number of Observations 

Bar diagram comparing visibility of seven normal anatomic structures (listed along the ordinate) on digital images 
and conventional radiographs. A maximum of 350 observations was possible for each anatomic structure. See text 
for discussion. 


Figure 5 


PATHOLOGIC STATES 
□ Digital E33 Conventional 



Number of Observations 

Bar diagram comparing visibility of nine pathologic states (listed 
along the ordinate) on digital images and conventional radiographs. 
Although up to 350 observations were possible for each, in no case 
did the incidence of each pathologic state exceed 150 observations. 
See text for discussion. 


this did not prove to be a major prob¬ 
lem; all observers experienced rela¬ 
tively easy transition from the con¬ 
ventional mode of viewing radio¬ 
graphs to the CRT images. Throughout 
the study, records were kept of the 
duration of each phase of the study for 
each observer, and it was shown that 
the average viewing time for a group of 
seven pairs of digital images was 32 
minutes (approximately 4 minutes/ 
pair), compared with 22 minutes (ap¬ 
proximately 3 minutes/pair) for the 
same number of conventional radio¬ 
graphs; it is important k> note that 
these figures include the time con¬ 
sumed in completing the question¬ 
naires for each pair of images. After an 
initial period of adaptation the time 
requirement for viewing digital images 
was substantially reduced; however, it 
is clear that despite improvements 
planned in the speed of image re¬ 
trieval, viewing times for a pair of 
digital images will almost certainly 
remain greater than for conventional 
radiographs. This is due to the facility 
for manipulation available with the 
digital images, the use of which is in¬ 
evitably time consuming. 

Images on the CRT monitors could 
be viewed in either the negative (lungs 
black) or positive (lungs white) phase 
(Fig. 2), and it was rather surprising 
that the majority of observers favored 
the latter mode. The reasons for this 
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preference are not clear but appear to 
be entirely subjective; it was remark¬ 
able how much easier it was to appre¬ 
ciate minor changes in contrast on the 
positive than on the negative images, 
particularly shadows of low contrast. 

In summary, advantages of the dig* 
ital system include: improved exposure 
latitude and low-contrast detectability; 
scatter-free images; digital image for¬ 
mat and prompt image reconstruction 
and manipulation; and reduced film 
consumption. Disadvantages include: 
decreased resolution (I cy/mm); a long 
scan time (4.5 sec); increased tube 
loading; and a skin dose that is roughly 
double that of conventional radio- 
graphic techniques (although still 
within regulation limits). 
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4.6 A new digital detector for projection radiography 


Denny L.Y. Lee (born 1945) 


Denny Lee was born on 7 February 1945 in the Guang Tung province of China. He 
completed his undergraduate study in Physics at the Hong Kong Baptist College in 
1967 and his PhD in Physics at the University of Houston in the USA in 1970. 

Denny Lee continued his postdoctoral research at the University of Houston 
from 1970 to 1976 and also taught as a Visiting Assistant Professor. He also collab¬ 
orated with the Physics Department of Rice University looking at the interactions 
between high-energy pions and matter. This research led to his first three US 
patents in the area of position-sensitive radiation detection instrumentation and 
methods. 

From 1976 to 1979 Lee was employed at Hycel Inc. in Houston, first as a 
Research Scientist and later as Research Director. Hycel Inc. was in the business of 
manufacturing clinical analyzers for the life sciences and health care fields. 

In 1979 he accepted the position of Research Coordinator at New England 
Nuclear (NEN), a Massachusetts company manufacturing radioisotopes for use in 
research and medical imaging. At NEN he received the NEN Prize for Exceptional 
Achievement for his work in cyclotron technology related to the increase of thalli¬ 
um-201 isotope production yield and for the reduction of radiation dose in cy¬ 
clotron operation. In 1982 NEN was acquired by the E.I. DuPont de Nemours 
Company of Delaware. Dr. Lee continued his research in the imaging side of nu¬ 
clear medicine and received several US patents during this period. In 1985 he 
joined the newly formed Electronic Imaging Research Group of DuPont in 
Delaware. He was appointed as a Research Associate and was promoted to Senior 
Research Associate and finally to Research Fellow in this DuPont organization. 

In 1990 DuPont’s Medical Product division started a project to develop a flat 
panel digital X-ray detector to replace the conventional film/screen combination. 
Together with Dr. Lothar Jeromin, who joined DuPont from Xerox Medical 
System, they Dr. Lee a research team to investigate these new digital X-ray-imag- 
ing technologies. They focused on the conversion of X-ray energy directly to elec¬ 
trical charge using selenium and capturing the image information with a thin- 
film-transistor (TFT) array, and they obtained their first 5x5cm X-ray image in 
1993. In 1995 they published a high-resolution image of a complete hand in this 
SPIE article. 

In 1996 DuPont divested the Medical Product Division to Sterling Diagnostic 
Imaging, where Denny Lee became Vice President, Advanced Technology. At 
Sterling, he contributed to the development of X-ray imaging products based on 
the newly invented direct conversion technology of which he is a co-inventor. In 
1999 Hologic Inc. of Massachusetts acquired this product line and technology and 
Dr. Lee continued in the role of V.P., Advanced Technology. 

Today, Dr. Lee’s research continues to focus on improvements to the direct con¬ 
version X-ray imaging process. With the distinct advantage of preserving high 
spatial resolution using direct conversion materials, Dr. Lee believes that the direct 
conversion technology could one day push the performance of digital X-ray imag¬ 
ing to the quantum limit allowed by physics. 

Picture courtesy Denny Lee, PhD 2004. 
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Lawrence K. Cheung 


Lawrence K. Cheung is a solid-state physicist who has been engaged in the re¬ 
search and development of imaging materials, devices, and systems for over 30 
years. He received his BS degree from U.C. Berkeley, and his PhD degree from 
Harvard University in 1973. 

From 1977 to 1985, he worked at the Xerox research laboratory and technology 
centre in Webster, New York. During that time, he performed experiments and 
modeling related to photoconductor materials and electro-photography systems. 

From 1985 to 1991, he was engaged in applied research activities at the 
Electronic Imaging Department of Dupont in Wilmington, Delaware. His work 
was focused on color imaging mechanisms and digital color printing systems. 

In 1991, he started working in the field of digital X-ray detectors and thin-film 
transistors at the Medical Products Department of Dupont. In 1999, this direct 
digital radiography effort became part of Hologic, Inc. Dr. Cheung was a co-inven¬ 
tor of the DirectRay digital radiography technology. He has co-authored many 
publications and patents in this field. 

He is currently a Principal Scientist in the Advanced Technologies Department 
in Hologic, Newark, Delaware. 

Picture courtesy Lawrence Cheung, PhD, 2004. 



Lothar Siegfried Max Jeromin (born 1942) 


Dr. Lothar Jeromin was born on 6 July 1942 in Neumalken, East Prussia in 
Germany. In 1966 he graduated from the Fach-Hochschule Wedel, Germany as a 
Diplom Ingenieur (FH) in Engineering Physics. In 1968, after a two-year employ¬ 
ment with Phillips Research Laboratory in Hamburg, Germany as a Research 
Engineer in the field of electrostatic printing, Dr. Jeromin moved to the USA and 
received a Master of Science in Systems Engineering from West Coast University, 
Los Angeles, California in 1971. He obtained an Executive Master of Business 
Administration (EMBA) in 1982 and a Ph.D. in Executive Management in 1984, 
both from Claremont Graduate University, Claremont, California. 

Dr. Jeromin began his career in the USA in 1968 as a Development Engineer at 
Xerox Medical Systems, Pasadena in California. At Xerox Medical he was instru¬ 
mental in developing xeroradiographic products for mammography and intra¬ 
oral dental radiography based on selenium photoconductor plates. In 1973 he was 
given his first technical management position. His leadership and innovative style 
were recognized in 1980 with the Xerox President’s Award. Dr. Jeromin’s manageri¬ 
al responsibilities expanded until he became Manager of Development and 
Engineering in 1986. In this role he worked with numerous radiologists to im¬ 
prove the image quality of xeromammograms and to develop new products. This 
work led to the first prototype of a digital X-ray system in which the charge image 
on the surface of a selenium plate was read out with an electrometer scanner. 

In 1990 Dr. Jeromin joined E.I. DuPont de Nemours’ Diagnostic Imaging divi¬ 
sion in Wilmington, Delaware as a Senior Research Fellow to initiate and to lead 
their flat panel digital X-ray detector development project. The breakthrough for 
the research team occurred when the idea to deposit selenium directly on an 
amorphous silicon thin-film transistor array was translated into practice in 1993. 
The novel structure of selenium on an a-Si TFT array permitted the readout of the 
charge image in a self-scanning fashion such that an image reader like in comput¬ 
ed radiography was no longer needed. Dr. Jeromin is a co-inventor of this first di- 
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rect conversion flat panel detector for digital projection radiography. In 1996 this 
detector technology, trade-named Direct Radiography, was acquired by Sterling 
Diagnostic Imaging, where Dr. Jeromin became Vice President, Development and 
Engineering. He continued in that role at Hologic, Inc. when the company became 
the new owner of Sterling’s Direct Radiography Corp. in 1999. He remained in¬ 
volved in the production of digital products for general radiography, non-destruc¬ 
tive testing, and mammography, all using the selenium detector until his retire¬ 
ment in 2003. Following retirement he continues to consult for Hologic, helping 
with technical problems and working on expanding the applications of Direct 
Radiography. 

Picture courtesy Lothar Jeromin, PhD, 2004. 
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A New Digital Detector for Projection Radiography 

Denny L* Lee, Lawrence K* Cheung, Lothar $, Jeromin 

E. L DuPont de Nemours Sc Co*, Medical Products Department 
Experimental Station, E 357 
Wilmington, DE 198804357 

1- ABSTRACT 

The operational principle of a new, patented digital radiographic system using a multi-layer 
structure consisting of a thin-film pixel array, selenium x-ray photoconductor, dielectric layer and top 
electrode will be described* 1 Under an applied electric field, a diagnostic x-ray signal is obtained by the 
direct conversion of x-ray energy to electron-hole pairs which are collected as electrical charges by 
individual storage capacitor associated with each pixel element* The electronic readout sequence is 
initiated immediately after the x-ray exposure, and in several seconds, the image data is available for 
display on a video monitor, for data storage, data transmission, and hard copy generation* Signal 
strength of this direct conversion method is estimated to be significantly higher than that of other 
indirect conversion methods where light is first generated using a s cintill ator or phosphor and then 
detected by charge-coupled devices (CCDs) or thin-film-transistor (TFT) arrays in conjunction with 
photodiodes* In addition, since charges generated by x-ray photons move mostly along the direction of 
the bias electric field, images of very high spatial resolution can be obtained. The resolution limits are 
principally defined by the smallest pixel that can be manufactured. Recent x-ray images obtained from 
experimental detector panels will be presented. X-ray sensitivity, dynamic range, signal-to-noise ratio, 
and spatial resolution will be discussed* 

Keywords: digital radiography, x-ray imaging, selenium, thin-film-transistor array, x-ray detector 
panel, direct radiography, direct x-ray conversion 

2, INTRODUCTION 

There is an emerging consensus in the radiology community that the missing element for a 
filmless x-ray department is a suitable detector for projection radiography which can be used much like 
conventional film-screen cassettes* Key design and operating requirements for such a detector are L) 
its compatibility with existing x-ray equipment (x-ray sources, tables, etc,), 2.) image quality and patient 
dose comparable to that of film-screen combinations, and 3 *) competitiveness in cost per image. 

Meeting or exceeding these requirements represents a formidable challenge as Films have been 
technically perfected in their almost 100 year history to be the capture, display, and storage medium all 
in one* 2 Although this feature has made film-screens so successful, it also places some well recognized 
physical limitations on this diagnostic modality as is indicated by the marginal improvements which 
have been made in the past decade. Digital detectors, in contrast, are the subject of intense research 
because the steps of capture, display and storage are separated and therefore can be optimized 
individually. Benefits to be expected are improved diagnostic capability and enhanced productivity in 
the x-ray department. 

While various digital detector technologies have been investigated, only a few research efforts 
have actually matured into commercial products* Fuji's OR system has been the earliest commercial 
introduction* Its wide dynamic range is recognized to be an advantage over conventionl film-screen 
systems, especially in bedside examinations. Philips 1 Thoravision chest imaging system is a new entry. 
Initial evaluations have shown that this selenium-based technology may enable practical digital thoracic 
imaging in a clinical environment* 3 The high capital cost for this dedicated chest system, however, 
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may prevent its broad customer acceptance* Two companies are marketing small field digital cameras 
for stereotactic localization in mammography* 4 These x-ray intensifying screen/CCD detectors are 
presently constrained by the size of CCDs, but if scale-up technologies such as sensor tiling can be 
perfected, full-field digital mammography could become reality. ^ 

Antonuk, Street and colleague s hav e approached the need for a digital detector by creating large 
area, non-tiled digital detectors using TFT and photodiode panels made from hydrogenated amorphous 


silicon (a-Si:H) A 7 These panels are sandwiched to an x-ray intensifying screen* In this indirect 
conversion method, the light generated by x-rays is detected by the photodiodes, and the resultant 
signals are scanned out by addressing the TFTs row after row* Zhao and Rowlands have chosen to 
convert x-ray photons directly to electrical signals using the photoconducting material selenium 
deposited on a TFT array. ^ The advantages of direct conversion versus indirect conversion as in 
phos phor screens coupled to photosensors will be discussed in greater detail later* Detectors involving 
TFT arrays have been growing in size as a result of huge investments made in the active-matrix liquid 
crystal display (AMLCD) technology by the flat panel display industry * 

Our detector introduced here has some elements which are common with the aforementioned 
technologies, but its performance is optimized and its design is configured for integration into a cassette 
to be used in projection radiography* A conceptual drawing of what we call a direct radiography 
cassette is depicted in Figure 1. The unique components are a multi-layer structure and associated 
readout electronics, which are both optimized for projection radiography* However, the detector 
described here cannot be developed with a commercial product in mind if it were not f or recent 
technological advancements in other fields. These advancements are: large area TFT arrays; densely 
packaged charge amplifiers on a single silicon chip (VLSI circuits); high speed, low cost computers; 
and high density electronic interconnections and packaging* 
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Addressing electronics 


X-ray conversion layer 


Enclosure 


Cable (power supplies, 
data transfer, control signals) 


Fig, 1: Illustration of the DuPont Direct Radiography detector 
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3- DESCRIPTION OF THE DETECTOR 


3, 1 L a y er S t ri cture 


A key to the operation and performance of our detector is its unique multi-layer structure. It is 
illustrated in Figure 2. The structural element is a rigid sheet of glass onto which is formed a pixel 
matrix by means of standard thin-film AMLCD manufacturing techniques. Each pixel consists of a 
storage capacitor, charge collection electrode, and an amorphous silicon field-effect transistor (FET). 
With one side connected to ground, the other pole of the storage capacitor is tied to the drain of the FET, 
The gate of each FET is connected to one of a set of gate lines, and the source of each FET is tied to one 
of a set of data lines. Figure 3 shows the pixel matrix, the orthogonally arranged gate and data lines, and 
the circuit of each pixel, 

X-Rays 



Top Electrode 
Dielectric Layer 

X-Ray Photoconductor 
Electron Blocking Layer 

Charge Collection 
Electrode 

■Thin—Rim Transistor 

Stgrtcl Storage 
Capacitor {C s |. } 

Glass Substrate 


Fig. 2: Conceptual cross-sectional view of the multi-layer structure of the DuPont detector 
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Fig, 3: Pixel matrix and readout electronics of the DuPont detector 
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The Storage capacitor and charge collection electrode are configured in such a way that the 
electrode forms a "mushroom head" over much of the pixel area. This unique design is illustrated in 
Figure 4. The "mushroom" electrode serves three functions: 1) to shield the FET from the high electric 
field which is generated by the high voltage applied to the top electrode; 2) to shield the FET from 
signal charges which would collect on the insulation above the FET; and 3) to increase the charge 
collection efficiency of each pixel by maximizing its area. In the configuration shown in Figure 4, the 
mushroom electrode covers &6 % of the total pixel area. The material of the mushroom electrode is 
chosen such that electrons are blocked from injecting into the x-ray photoconductor above. 

The layer above the pixel array is the actual x-ray conversion material. We have chosen the 
photoconducdve material amorphous selenium of 300 to 600 microns thickness to achieve sufficient 
x-ray absorption. This material has been widely used in xeroradiography so that its electrical properties 
and vacuum deposition processes are well understood.^ 



Fig, 4: Generic cross-sectional view of a pixel with the "mushroom" charge collection electrode design 

The next layer is an insulating material having a high dielectric strength. Thickness uniformity, 
good adhesion to selenium, and a low defect count to avoid high field breakdowns are some key 
requirements for this dielectric blocking layer. 

A thin layer of metal deposited on the dielectric material completes the multi-layer structure of 
our detector. This top electrode is deposited in a room temperature evaporation process. 

3.2 Charge Image Formation 

The multi-layer structure of our detector forms three series capacitors Cd, CSe* and Cst depicted 
in Figure 5. When high voltage is applied between the top electrode and ground, the voltage Is divided 
inversely proportional to the capacitor size. We have chosen Cd and Cst such that a bias applied to the 
top electrode results in a 10 V/micron field across the selenium layer. 
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In actual operation, electron-hole pairs (e-h) 
are generated in the selenium layer by 
absorbed x-rays. In the bias field the charge 
pairs are separated whereby the holes are 
collected by the mushroom electrode and are 
stored in the storage capacitor. The electrons 
drift toward the selenium-dielectric interface 
and are collected there. The buildup of 
negative charge at the interface effectively 
reduces the positive bias and hence dimin¬ 
ishes the charge generation and separation 
efficiencies. This phenomenon provides for 
an automatic safeguard against overcharg¬ 
ing of the storage capacitor that could lead to 
damage to the FETs. This automatic 
protection mechanism is especially important 
when the detector is exposed to high x-ray 
intensities in areas where the x-ray beam is not attenuated by the patient's body. At the end of the 
exposure, the x-ray image resides in the pixel matrix in the form of charges whereby the charge in each 
storage capacitor is proportional to the absorbed radiation. 

3.3 Electronic Readout 

The readout of the charge image starts immediately at the end of the x-ray exposure. While all 
FETs, which are operated here as simple on-off switches, were not conducting during x-ray exposure, a 
positive gate pulse applied to the first gate line Gi simultaneously turns on all FETs connected to Gi. 
This causes the image charge to flow to a bank of charge amplifier modules connected to the data lines. 
The net x-ray signal is multiplexed and shifted out to a 14-bit analog to digital converter (ADC) and 
subsequently stored in computer memory. 

The readout of the charge image data continues row by tow until the digital value of the charge 
in each storage capacitor has been transferred to memory. For our present 1,280 x 1,536 pixel matrix the 
readout time is about four seconds long. At the end of the readout cycle, a charge erase cycle will be 
initiated to restore the detector panel for the next exposure. 

Once in computer memory, the image data can be processed and displayed on a video monitor or 
routed into a PACS system for further use. Figure 6 shows an x-ray image of a human hand phantom 
which was printed to a laser film. The image was captured with our 1,280 x 1,536 pixel matrix detector 
having a pixel pitch of 139 x 139 microns. The effective image area is 178mm x 213.5mm (7 H x 8-5 M ). 
All crystalline silicon components of the readout electronics are shielded from x-radiation to avoid 
damage. The a-Si:H TFTs of the pixel array are resistant to very high x-radiation doses. ^ 

4, X-RAY SENSITIVITY 

The ability of the selenium x-ray photoconductor to convert incident x-rays into useful 
information depends on at least three important factors. First, the x-ray energy must be absorbed by the 
selenium layer. This absorption is a function of the photon energy and the thickness. The attenuation 
coefficient changes rapidly from about 700 cm' 1 at 12.6 Kev (the K-alpha edge) to about 8.5 cm" 1 at 
70 Kev. 11 As a result, the percentage of absorption varies significantly through the useful diagnostic x- 
ray energy range, 40 KVp to 120 KVp, for the selenium thickness of interest, which is 500 microns. For 
example, the absorption is nearly 100% at 30 Kev, close to 80% at 40 Kev, and about 40% at 60 Kev, 
The typical mean x-ray energy for most examinations is between 55 and 65 Kev measured at the 
detector level. Figure 7 compares the absorption of selenium with two phosphor screens. Here it is 
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Fig. 5: Multi-layer structure represented as 
serial capacitors 
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Fig, 6: X-ray image of a hand phantom captured with our 1,280 x 1,536 pixel matrix detector, printed to 
laser Film. Exposure is higher than typical film-screen exposure due to sub-optimal operational 
conditions. (Se thickness 300 microns, electric field 4.2 V/micron) 
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Fig. 7: Noise-equivalent x-ray absorption for selenium and two phosphors-calculated absorption 
conrecced for scintilation statistics due to K-alpha loss 

useful to remember that the average x-ray photon energy of the commonly used x-ray spectra is about 
one-half the maximum photon energy. ^ For example, a tungsten source operated at 80 KVp with 
filtration emits with an average photon energy of 42 Kev. 

Second, a certain amount of the absorbed energy £ eh is needed to generate one free electron- 
hole pair. The efficiency of electron-hole pair generation in selenium has been investigated by many 
researchers and the reported results differ by roughly a factor of two. Several techniques were 
employed in these studies including xeroradiogiaphic discharge, photocurrent measurement, and pulse 

height spectroscopy. The value of was found to be electric field dependent. At a field of 

10 V/mieron, the reported £ eh ranges from 30 ev to 70 ev, with most reported values near 50 ev, The 
electric field dependence can be fitted to a power law relationship such that 

£ e h ^ E n r where 

£ e h is the energy needed for electron-hole pair 
generation, 

E is the electric field, and 

n is the power. 
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In this case, n ranges from 0,6 to LO. We include Figure 8 to demonstrate the £ eh values by replotting 

some of the published data. In our own experiments, we have found that a £ eh value of 50 ev at 
10 V/micron best fits our data. 

Third, in order to obtain the maximum and repeatable electrical signal by collecting most of the 
generated charges under the influence of the imposed electric field, the transport properties of the 
carriers, both holes and electrons, should be maximized in the mther thick sample of 500 microns. More 
specifically the carrier range, defined by 

Carrier range = |X * % ■ E ? where (X is the carrier drift mobility, X is the deep trapping 

lifetime, E is the electric field, 


should be much larger than 500 microns. In this sense, the selenium alloy material and its deposition 
process play an important role in the steady-state performance of the device. The situation is actually 
more complex because other related detector properties such as dark current, tendency to form 
crystallization, tendency to form defects, interface characteristics and adhesion have to be considered 
also as one develops a suitable selenium layer. 



Fig, 8: The absorbed energy needed to create 
an electron-hole pair in amorphous 
selenium as a function of the electric field, 
• data from ref, 19,4 data from ref, 18, 

▼ data from ref. 15 



Fig, 9: Signal and noise as a function of exposure. 
Solid signal curve is calculated; dots 
are data measured for 10 V/micron field, 
500 micron thick Se, 139 micron pixel 
pitch, 86% fill factor, 120 KVp W target 


We have theoretically estimated the signal strength in pico-coulomb per pixel for our detector 
system by using the following parameter values: selenium thickness of 500 microns; dielectric layer 
thickness of 40 microns with a dielectric constant of 3,10; initial applied field across the selenium at 10 
V/micron; power law dependence on electric Field for electron-hole pair generation to be 2/3 (n-2/3), 
120 KVp tube voltage with 2mm aluminum filtration (tungsten target); pixel collection electrode fill 
factor at 86%; and assuming no loss of charge carriers due to deep trapping. The result is shown as the 
top curve in Figure 9 where the signal in pC/pixel is plotted as a function of the x-ray exposure in milli- 
roentgen (mR), The signal is quite linear from a low exposure to about 60 mR, The signal strength 
begins to saturate when the exposure exceeds 200 mR. 
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We have also measured signal strength as a function of exposure by using experimental 
parameters closely resembling those mentioned earlier. The data points are plotted in Figure 9, One can 
see that there is reasonably good agreement between the theoretical estimate and the actual data. 

It is interesting to compare our direct energy conversion technique using an amorphous selenium 
x-ray photoconductor with indirect energy conversion techniques using phosphors to first produce light 
These two concepts are compared in Figure 10, We assume that the energy conversion efficiency of 
selenium is 50 ev per electron-hole pair at a field of 10 V/micron. In the case of phosphor screens, the 
conversion efficiency to light is reported to be approximately 20% Because the emission of light is 
isotropic, only a small portion of the generated light is emitting into the direction of the detector* 
Assuming the light is channeled to the sensor element, no more than 16% actually reach it. Using an 
effective sensor element fill factor of 50%, a photon energy of 2,5 to 3,0 ev, and a total absorption of 
light intercepted by the sensor element, we calculate the energy conversion efficiency to be 150 to 
200 ev per electron-hole pair generation. The direct conversion technique using selenium is therefore 3 
to 4 times more efficient than the indirect conversion techniques if x-ray absorption is the same for both 
materials. Depending on the x-ray energy, the thickness of the selenium, and the screen material, these 
absorption values can be quite comparable as is indicated in Figure 7, 




Fig, 10: Comparison of direct and indirect energy conversion steps to obtain an x-ray image 

5, SIGNAL-TO-NOISE CONSIDERATIONS 

For reading out the image information, we have chosen a charge integration amplifier instead of 
a voltage amplifier* In integration mode, with an integration time of more than 10 times the RC time 
constant of Cst and the "on" resistance of the FET, almost all the signal charge stored in Cst is 
transferred to the integration amplifier. The output signal of the amplifier thus is proportional to the 
charge accumulated during x-ray exposure, and is, to the first order, independent of Cst* This readout 
method therefore minimizes the noise due to variations in the value of the storage capacitor. Variations 
inevitably do occur in the manufacturing of the pixel array. The long integration time also helps 
minimize noise introduced by the FETs thermal noise and the random drain-to-source current 
differences between individual FETs, 

Another noise reduction feature is built into the FETs, 'the FETs are designed to have low drain- 
to-source current in the "off state* Typical drain-to-source currents in the "on" and "off state are 
shown in Figure 11* An on-off current ratio of about 10^ is illustrated here* The low "off current is a 
necessity for our detector as the charge leakage through all the transistors in the "off-state must be 
small compared to the charge measured from a single storage capacitor. 
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Fig: 11: Drain-to-source current Ids characteristics 
of the thin-film transistor in the "on" and 
W states as a function of the gate-re¬ 
source voltage Vgs 


Noise from charge injection into the selenium layer 
is dealt with through the use of blocking layers at 
both sides of the selenium. The material of the 
mushroom electrode and its surface treatment is 
chosen so that electron injection is minimized when 
the detector is operated below the electron injection 
threshold field. Selection of the proper material 
assures that there is no charge injection from the 
dielectric layer. 

Referring back to Figure 9, the curves put the signal 
and the two major noise sources in perspective. The 
signal was calculated and verified by actual 
measurements. Assuming that the electronic noise 
is determined by the noise of 1,500 electrons at the 
charge integrator, the signal-to-noise-ratio (SNR) 
will be x-ray quantum noise-limited down to very 
low exposure levels. 


6 . SPATIAL RESOLUTION 

It is well known that the x-ray conversion material has a major impact on the spatial resolution 
capability of any given x-ray detector. This discussion will be limited to x-ray photoconductors and 
phosphors. When x-ray photons interact with a photoconductor under an applied electric field, the 
resultant charge carriers move mostly along the field lines with little diffusion. Okamoto has 
demonstrated spatial resolution capabilities in excess of 100 cy/mm with selenium photoconductors by 
scanning the surface charge image with an electron microscope.^ 

The interaction of x-ray photons with phosphor screens produces a diffused signal due to internal 
light scattering. In Figure 12, the "footprint" of a highly collimated x-ray beam is illustrated for a typical 
photoconductor and film-screen conversion material. 

Given the high intrinsic resolution capability of selenium, the resolution of our detector is 
principally determined by the pixel pitch. With the implementation of the mushroom electrode, pixel 
pitches of 50 microns can be manufactured presently with sufficient fill factor. As the pixel size 
decreases, one must trade off the benefits of higher spatial resolution against larger data sets, a smaller 
signal, and longer readout times. Our present pixel pitch of 139 x 139 microns was chosen to cover a 
broad range of radiographic applications. Because the presampled MTF of selenium is very high, we 
expect our detector to have a higher MTF up to the Nyquist frequency of 3.6 cy/mm than similar 
application film-screen combinations. The hand image of Figure 6 and an enlarged section of a 
resolution bar target in Figure 13 support our expectation. 
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X-ray photon 


X-ray photon 



Fig. 12: Illustration of the interaction of x-ray photons with a photoconductor and a phosphor screen, 
and resultant signal "footprint 11 



7. SUMMARY AND OUTLOOK 


We have described a new digital detector for projection radiography, and have presented the 
results which have been obtained just a short rime ago with a research device. 

Because this flat panel imager is fairly new, the analysis of its performance characteristics is 
necessarily incomplete. However, initial results indicate that our detector technology addresses many of 
the reported shortfalls of other digital systems. The direct conversion of x-rays to electrical signals, the 
high conversion efficiency of thick selenium layers, the prospect of an excellent MTF, and a self- 
scanning electronic readout scheme having manageable noise levels are all indicators that the detector 
described here has the potential to compete favorably with conventional film- screen combinations in 
terns of sensitivity and image quality. It has the advantage of delivering x-ray images almost instantly, 
and in digital form. These are attributes which would improve the productivity of x-ray departments. 

Looking forward, we are encouraged by the fact that the physical behavior and performance of 
the detector have been very much predictable. Our theoretical modeling and calculations, so far, have 
been supported by our measurements. A key to success is the further reduction of electronic noise. 
Except for some defects in the TFT panels, structural noise sources have been virtually eliminated. 

With respect to the detector panel dimensions, the research device described here is 7" x 8,5" in 
size, which is one-fourth the area of a 14" x 17" film. We are working on a method of tiling four pieces 
together without any dead space at the butt joints. By reading out the image information in the four 
independent tiles in parallel, any increase in readout time as compared to a single panel will be 
insignificant. 

As we continue to make improvements, the imaging physics community will be kept abreast of 
our progress towards a commercially viable digital detector for projection radiography. 
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Feasibility of a flat panel self-scanned detector 
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out of amorphous selenium. In 1988-98 he developed an x-ray video camera for 
fluoroscopy and flat panel sensors for digital radiography and fluoroscopy again 
using amorphous selenium. For dynamic x-ray imaging (“fluoroscopy”) he re¬ 
placed the conventional X-ray image intensifies either with an active matrix flat 
panel device modified to include one of three innovative approaches: avalanche 
multiplication in selenium, intelligent pixels or a novel photo conductor - mer¬ 
curic iodide. The primary application area is in cardiac imaging where he is also 
looking at combining x-ray with MRI. For imaging during radiation therapy (por¬ 
tal imaging) the image quality needs to be improved significantly before it can be 
clinically relevant. He developed high quantum efficiency detectors for radiation 
therapy. Understanding the physical limits of systems will allow them to be opti¬ 
mally matched to clinical applications. His investigations are resulting in im¬ 
proved clinical devices and he continues to be interested in fundamentals of com¬ 
puted radiography. 
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X-ray imaging using amorphous selenium: Feasibility of a flat panel self- 
scanned detector for digital radiology 
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We investigate a concept for making a large area, flat-panel detector for digital radiology It em¬ 
ploys an x-ray sensitive photoconductor to convert incident x-radiation to a charge image which is 
then electronically read out with a large area integrated circuit. The large area integrated circuit, 
also called an active matrix, consists of a two-dimensional array of thin film transistors (TFTs), The 
potential advantages of the flat-panel detector for digital radiography include: instantaneous digital 
radiographs without operator intervention; compact size approaching that of a screen-film cassette 
and thus compatibility with existing x-ray equipment; high quantum efficiency combined with high 
resolution. Its potential advantages over the x-ray image intensifier (XRIl)/video systems for fluo¬ 
roscopy include: compactness; geometric accuracy; high resolution, and absence of veiling glare. 

The feasibility of the detector for digital radiology was investigated using the properties of a 
particular photoconductor (amorphous selenium) and active matrix array (with cadmium selenide 
TFTs). The results showed that it can potentially satisfy the detector design requirements for 
radiography (e.g., chest radiography and mammography). For fluoroscopy, the images can be ob¬ 
tained in real-time but the detector is not quantum noise limited below the mean exposure rate 
typically used in fluoroscopy. Possible improvements in x-ray sensitivity and noise performance for 
the application in fluoroscopy are discussed. 


Key words: Diagnostic x-ray imaging, digital radiology, amorphous selenium, solid-state imagers, 
flat-panel imagers 


L INTRODUCTION 

X-ray imaging has been playing a very important role in 
diagnostics since the beginning of this century and it cur¬ 
rently consists of two major imaging modalities: radiography 
(performed with screen-films) and fluoroscopy [performed 
with an x-ray image intensifier (XRII)/video system]. Since 
the 1970s, new digital imaging modalities have been devel¬ 
oped which include computed tomography (CT), ultrasonic 
imaging, nuclear medicine, and magnetic resonance imaging 
(MRI). However, basic x-ray imaging has remained largely 
an analog technique. During recent years, with the rapid de¬ 
velopment of electronic and computer technology, digital ra¬ 
diological detectors have undergone considerable investiga¬ 
tion and development. The advantages of digital radiology 
include: (i) The image receptor can be optimized indepen¬ 
dently from the image display and storage; (ii) digital image 
processing can improve the image visualization (e.g., con¬ 
trast enhancement); (iii) computer-aided diagnosis can be 
implemented to assist radiologists in finding subtle 
abnormalities. 1 

Recently, a new technology of large area integrated opti¬ 
cal image sensors, e.g>, hydrogenated amorphous silicon (a- 
Si:H) thin film transistor (TFT)-photodiode arrays, have 
been proposed for making a flat-panel detector for digital 
diagnostic and portal Imaging by employing a phosphor 
screen to convert an incident x-ray distribution to optical 
images. 2 We are investigating the feasibility of another ap¬ 
proach to making a flat-panel digital detector, which has 
been previously proposed by us 3,4 and suggested by others. 5 
It also employs a two-dimensional array of TFTs, or “active 


matrix," to electronically read out an x-ray generated charge 
image. However, instead of indirect conversion of x rays 
using a phosphor screen and an array of photodiodes, a uni¬ 
form layer of x-ray sensitive photoconductor is used to di¬ 
rectly convert the incident x-ray distribution to a charge im¬ 
age. 

In Fig. 1(a) we show a diagram of the active matrix used 
for charge image readout. It consists of a two-dimensional 
array of TFTs, each of which acts as an electronic switch. 
Each TFT has three electrical connections: the gate (G) is for 
the control of the “on*’ or “off” state of the TFT; the drain 
(D) is connected to a pixel electrode and a pixel storage 
capacitor, which is made by overlapping the pixel electrode 
with either the adjacent gate line, or a separate ground line; 
the source (S) is connected to a common data line shared by 
all the TFTs of the same column, and subsequently to an 
external charge sensitive amplifier. 

Radiation detection is accomplished with a uniform layer 
of x-ray sensitive photoconductor deposited on the active 
matrix. Shown in Fig. 1(b) is a cross section of a single pixel 
of the detector. The top surface is a continuous, high-voltage 
bias electrode, common to all the pixels of the detectors, 
which is used to apply an electric field f£ ph ) across the pho¬ 
toconductor. X rays absorbed by the photoconductor release 
charge carriers (electron-hole pairs) which are separated and 
drawn to the photoconductor surfaces by £ pJl . At the bottom 
surface this charge is collected by the pixel electrodes and 
stored on the pixel capacitors. During readout, the TFTs are 
turned on, one row at a time, to transfer the image charge 
from the pixel capacitors to the data lines and then to the 
external charge amplifiers. The signal outputs from the am- 
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| MULTIPLEXER I—I digitizer] 




FiC I, Self-scanned readout of an sc-ray phoioconduetor: (a) schematic of 
the active matrix and external electronic circuitry; (b) cross section of a 
single pixel showing detection of x rays by a photocontluctor, 


pliliers are transferred to the analog-to-digita! (A/D) con¬ 
verter by a parallel-to-serial multiplexer. 

In this paper the feasibility of this detector, also referred 
to as self-scamied readout of x-ray photoconductor, for x-ray 
imaging is analyzed based on the properties of a possible 
combination of x-ray photoconductor [amorphous selenium 
(fl-Se)] and active matrix [using cadmium selenide (CdSe) as 
a semiconductor]. Although many different types of photo¬ 
conductor have been proposed as x-ray detectors, such as 
d-Se, 6 lead oxide (PbQ), 7 thallium bromide (TIBr), 8 and cad¬ 
mium telluride (CdTe), 9 we are proposing the use of a-Se 
because it has low dark current and has already been dem¬ 
onstrated for use in medical imaging systems, such as 
xeroradiography 10 and a digital chest radiography system 11 
using c-Se thickness of up to 500 ^tm. Active matrices have 
been made with several types of semiconductor materials, 12 
e.g„ hydrogenated amorphous silicon (g-Si:H), polycrystal- 
line silicon (/wfy-Si) and poly crystal line CdSe. We chose to 
use CdSe TFT because of its higher carrier mobility (MOO 
cm 2 /Vs) than a-Si:H(-T cmVVs), while maintaining lower 
leakage current than poly -Si TFT, The high carrier mobility 
of CdSe permits great design flexibility, e.g„ the TFTs can 
have a channel width to length ratio (W/L) of unity while 
maintaining low cross talk and desired properties for fast 
(real-time) image readout. A W/L of unity could minimize 
the space taken by each TFT, which is important for imaging 
applications requiring small pixel size. 


Table I. Design requirements for digital radiological detectors. 



Chest 

radiography 

Mammography 

Fluoroscopy 

Detector size 
fiem) 

35x43 

18X24 

25X25 

Pixel size 

200X200 

50X50 

250x 250 

Number 
of pixels 

1750X2150 

3600X4800 

lOOQXIOtXl 

Image readout time 
(second! 

<5 

<5 

0.033 

X-ray speciram 
(kVp) 

120 

30 

70 

Mean exposure 
to image detector 
(mR) 

0.3 

12 

0,001 

tixposiirc 
range (mR) 

0.03-3 

0.6-240 

0.0001 -o.oi 


II. DESIGN REQUIREMENTS 

A, Detector size and pixel size 

Digital detectors have to cover the same field of view as 
conventional analog techniques: the screen-films are 
M3X35 cm (17 X 14 in.) for chest radiography and —24 X 18 
cm for mammography, while the XRU for fluoroscopy is 
—25 cm in diameter. The requirement for pixel size in digital 
radiography has been previously studied for each imaging 
task. The observer study performed by Mac Mahon ei ai n 
based on digitization of screen-film chest radiographs sug¬ 
gested that a pixel size of 200 jum square is satisfactory. It 
allows high-resolution tasks such as detection of pneumotho¬ 
rax and fine interstitial lung diseases, 14 For digital mammog¬ 
raphy, Yaffe 15 suggested, on the basis of providing equivalent 
spatial resolution performance as screen-film mammography, 
that a pixel size of 50 ^m is necessary. In fluoroscopy, a 
25X25 cm detector with IQOOX 1000 pixels should be com¬ 
parable to the resolution provided by conventional analog 
XR1I system using 1000 line video cameras with 20 MHz 
bandwidth, 1 *' 1 ' These requirements for detector and pixel 
size are summarized in Table S, and they are used as ex¬ 
amples in subsequent calculations and discussions. 

B, Readout rate and lag 

Image readout rate is a critical requirement for fluoros¬ 
copy: it has to be real-time (30 frames per second) 7 and with 
little image lag to blur moving objects. For radiography, 
there is no strict limit for the readout rate. However, an “in¬ 
stant readout"’ (<5 s) is desired for digital radiography sys¬ 
tems, and there should be no significant loss of image charge 
from the pixels (due to the leakage current of the TFTs) prior 
to readout. 

C, Quantum noise limited exposure range 

For each imaging task, the detector is required to respond 
to a range of x-ray exposure due to the variation in transmis¬ 
sion of the body for a given beam quality. Within this expo- 
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sure range the detector should be quantum noise limited* ie., 
the noise added by the detector does not exceed the x-ray 
quantum noise. 

We determine the x-ray spectrum and mean exposure to 
the detector as that currently used clinically (screen-films or 
XRI!/video systems). The required x-ray exposure range is 
established from previous studies and we set the geometric 
mean of the x-ray exposure range to be the same as the mean 
exposure to detector. For chest radiography, we take Hi-Plus/ 
XRP screen-films as an example where the mean exposure to 
the detector is —0.3 mR using a 120 kVp spectrum, 1 * In 
order to obtain good image contrast for both the mediastinum 
and lung region* an exposure range from one-tenth to ten 
times the mean exposure is desirable (0.03-3 mR). 1 * In 
mammography, the mean exposure to the Min-R/Ortho-M 
screen-film is —12 mR, With an x-ray spectrum generated by 
a molybdenum (Mo) target at 30 kVp with 30 /urn Mo filtra¬ 
tion* the range of x-ray exposure between the raw beam and 
that attenuated by & cm of 50% glandular, 50% fat tissue is 
of the order of 400:l. 20 Thus the required quantum noise 
limited x-ray exposure range for digital mammography is 
0,6-240 mR. For fluoroscopy, the detector should have at 
least the same range of x-ray response (100:1) as an XR1I/ 
video system. 21 The mean fluoroscopic exposure rate to an 
XRII/video system is 30 ^R/s (for a field of view of 25 cm in 
diameter), thus the required quantum noise limited exposure 
range is 0.1 — 10 p,R/image (each image is taken in 1/30 of a 
second). These data for mean exposure and quantum noise 
limited exposure range are included in Table L 

D. Resistance to radiation damage 

In order to apply the flat-panel detector to x-ray imaging, 
we have to make sure that its function will not be perma¬ 
nently damaged by the radiation it is expected to receive 
during its lifetime. In our study* the lifetime of the detector 
was taken as 5 yr. We then estimated 200 working per year 
with 100 images per day* and the dose to the detector to be 
0.05 cGy/imagc. Thus the lifetime dose for the detector is 
5000 cGy (0.05X100 X 200 X 5). 

III. THEORY AND METHODS 

The feasibility of the self-scanned readout of an x-ray 
photoconductor is investigated based on the simplifying as¬ 
sumptions: (i) each pixel of the detector operates indepen¬ 
dently, i.e.* without being affected by the surrounding struc¬ 
ture; (ii) the active area for image charge collection on each 
pixel is equal to the pixel spacing squared* i.e** 100% fill 
factor. Then we can model the operation of the detector with 
an electronic circuit of a single pixel. The model thus con¬ 
sists of the a-Se x-ray sensor (represented by the capacitor 
C^* the current sources / Jarb and / 5igJiaJ ) T the pixel storage 
capacitor (C st ), the TFT switch* and the external charge sen¬ 
sitive amplifier* as shown in Fig. 2. 

The parameters in the model are the pixel sire* the x-ray 
response and dark current of u-Se, the value of C u , the 
switching properties of the CdSe TFT, and the noise of the 
charge amplifier. The imaging performance of the detector is 
analyzed by incorporating previously published parameters 


Vse 



Flo. 2. Equivalent circuit diagram for each pixel of the detector, where V ^ 
is the bias potential applied on the top surface of the c-5e layer, I ^ and 
^iignai represent the current flow in a-Se at each pixel under dark and x-ray 
exposure, respecti vely* and C & is the capacitance of the a-Se layer for each 
pixel. 

of the a-Se photoconductor (with similar doping and deposi¬ 
tion procedure as for xeroradiograph! c plates 22 ) and mea¬ 
sured characteristics of CdSe TFTs (manufactured by Litton 
Systems Canada) into the model. Then these imaging param¬ 
eters are compared with the design requirements summarized 
in Table I. 

A* Readout rate and lag 
1 Readout rate 

The function of a TFT as a switch can be represented by 
its resistance in the on and off states, R^ and R off > During 
image readout* the image charge stored on each pixel will be 
discharged exponentially with a time constant r on given by 
the product of and the pixel capacitance C p , which is the 
sum of the storage capacitor C„{~ 1 pF) and the capacitance 
of the photoconductor (—0.01 pF) for each pixel. For essen¬ 
tially complete discharge of each pixel it is necessary to wait 
several (Af) time constants. The readout lime for the entire 
detector T read is the product of the number of rows, N TOW * and 
the time to discharge each row* Mr m P 

T Km d=MrJV l0W . (I) 

In order for the detector to be applied for real-time x-ray 
imaging, has to be smaller than the frame time T F -3 3 
ms (at 30 frames per second readout speed). 

When the TFT is off, charge accumulated during the x-ray 
exposure will leak through the TFT with the time constant 
r off which is the product of R ofi and C p . In order to prevent 
image information loss, r off should be much larger than 7^ 
so that image charge leakage prior to readout is insignificant. 

Individual TFTs were used for quantitative evaluation of 
R a „ and R off . TTiese TFTs have the same design parameters 
a*s those on the active matrices, but were packaged such that 
all three electrical connections (gate* drain* and source) were 
accessible. The evaluation circuit is shown in Fig. 3. The 
source of the TFT was connected to an electrometer whose 
input is a virtual ground. First* the transfer characteristic 
(channel current I D as a function of gate control potential 
V G ) was measured at a fixed drain bias potential V D in order 
to determine the proper V" G for turning the TFTs on and off. 
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FlG. 3, Experimental arrangement for measuring characteristic curves of 
TFlY: Iv represents the TFT channel current. V c and V D represent the bias 
potential applied on the gate and drain of the TFT. 


Tben the output characteristic {I D as a function of V D ) was 
measured in both the on and off states of the TFTs, and R on 
and R of{ were determined from the slope of the output char¬ 
acteristic curves. 


The x-ray fluence <KB) is determined from the x-ray expo¬ 
sure and its spectrum. The tungsten 26 and molybdenum 27 
x-ray spectra used in the calculation were obtained using a 
computer model. The charge signal created on each pixel q * 
is determined by the ratio of absorbed energy per pixel E ab 
and the energy W needed to create an electron-hole pair in 
a-Se: 

q^E.JW. (5) 

Z Quantum noise 

The ratio between signal and x-ray quantum noise is de¬ 
termined from the square root of the number of x rays at¬ 
tenuated by the a-Se layer, which is given by 2 £ #£)A 77 (E); 
thus, the charge representing the quantum noise q at each 
pixel is given by 2£ 

1 


2, Lag 

Image lag arises from two sources: incomplete charge col¬ 
lection (photoconductive lag) and incomplete charge readout 
(image readout lag), Photoconductive lag is caused by the 
charge transit time across the a-Se layer. The maximum time 
delay, T R , is for a charge carrier to traverse the whole thick¬ 
ness of a-Se, and is determined from 24 

/r C E g e , (2) 

where d^. is the thickness of the a-Se layer, fie is the mo¬ 
bility of the charge carrier (electron or hole), and is the 
electric field applied across the c-Se layer. For negligible 
photoconductive lag we require T R much smaller than T F , 
Image readout lag depends on how many time constants each 
TFT can be kept on during the image readout. 

5. Quantum noise limited exposure range 

In order to investigate whether the detector is quantum 
noise Limited in the required x-ray exposure range, we first 
determine the signal and quantum noise level based on the 
x-ray sensitivity of #-$e and then determine the level of elec¬ 
tronic noise based on the properties of the readout device. In 
the following, the signal, quantum noise, and electronic noise 
are given in number of electrons. 

T. Signal 

For a given pixel area A and incident x-ray fluence <$(&), 
the energy absorbed by one pixel of the detector £ ab (assum¬ 
ing no secondary interaction, e.g., K-fluorescence re absorp¬ 
tion) is given by 25 

E.b=2 4>(E)A V (E)-^ E, (3) 

where E is the x-ray energy, /*(£) and /x ab (E) are the x-ray 
attenuation and absorption coefficients of 3 -Se, and 77 (E) is 
the x-ray quantum efficiency (QE) determined from 

J)(E)=\-g-rtWsc. (4) 


3. Electronic noise 


There are four sources of electronic noise: photoconduc¬ 
tor dark current shot noise, the two sources arising from the 
TFT (thermal and flicker noise), and the amplifier noise, 

a. Dark current shot noise , The dark current in a-Se is due 
to thermal excitation in the bulk and charge injection from 
the bias electrodes. The dark current shot noise q nd is deter¬ 
mined by the dark current of a -Se at each pixel i d and the 
time between successive readouts T F , and is given by 29 

\ta?V/e, (7) 

where e is the charge of an electron. 

b. TFT thermal noise , With the TFT turned on, the current 
thermal noise power spectrum (NPS) W} t (f) due to the chan¬ 
nel resistance fl 0n is given by 30 

Wfaf)=4kTfR m , (8) 


where k is Boltzmann's constant and T is the absolute tem¬ 
perature, In our investigation, was experimentally 

verified with the TFT turned on and channel current l D =0. 
W 2 f (/) was obtained by measuring the TFT channel current 
noise power in a bandwidth of 1 Hz using a lock-in amplifier 
at a series of reference frequencies f 0 . 

In order to estimate the final noise contribution of W 2 {/) 
in terms of noise charge q ni referred to the input of the 
charge amplifier, we first determined the fraction of 
that propagates to the input node of the charge amplifier. 
Wj t (f) is high pass filtered by 31 




(2*ITT on f) 2 
l+^ITT^/) 2 ’ 


m 


where is the image readout time constant given by the 
product of R Qn and C F . The filtered TFT noise is then inte¬ 
grated by the charge sensitive amplifier for a given charge 
integration time, T an =Mr ttn with a transfer function of 32 

H 2 (/) = r on sinc(r on />. (10) 

Thus the resulting thermal NFS of TFT, W 2 ,(/), is deter¬ 
mined as the product of W 2 (/), and // 2 (/): 
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W 2 ,(/) = 


4 iZ, sin 2 ( itT^ /) 
1 +(2irr on /) z 




( 11 ) 


Then q ni can be calculated by integrating over/and 

the result is 


9 Bj =iv2*rc,(i-e- 7 »' r <»). 


( 12 ) 


In order to read out the image charge completely, T on should 
be greater than . Then q ni ~* \fe(2kTCp) m . Furthermore, 
the pixel capacitor Cp is reset to a reference potential 
through the resistance of the TFT which has thermal noise. 
Thus after the TFT is turned off, the pixel potential has an 
uncertainty due to this thermal fluctuation which results in a 
noise charge q„ r given by 30 

q nr = X -4kfF p . (13) 


This q ftr remains on the pixel after each readout, thus in a 
repetitively scanned system, q nr will also contribute to the 
electronic noise. Therefore the total noise charge due to the 
thermal noise of the TFT, q ni , can be estimated by adding 
q ni and q nr in quadrature: 

q„,=j^l3kfc;. (14) 


c. TFT flicker noise. The TFT flicker noise power is ex¬ 
pected to depend on the channel current l D , 33 For our ex¬ 
perimental investigation of TFT flicker noise, the TFT was 
operated at a constant current I p by applying fixed potentials 
on its gate and drain. The NFS of channel current I D , Wj if), 
was measured using the same apparatus as in the W} t (f) 
measurement. Then the NPS of the flicker noise, was 

determined by subtracting the thermal noise power W} t (f) 
[Eq. (8)] from The total noise charge, q nfy due to the 

TFT flicker noise can thus be estimated using Eq. (11) by 
substituting wj t (f) with wjflf). 

d Amplifier noise , The amplifier noise q na can be deter¬ 
mined from 34 


+ (15) 

where q na § is the intrinsic noise of the charge amplifier, S is 
a constant determined by the design properties of the charge 
amplifier, such as the noise voltage of the input FET and the 
feedback capacitor of the amplifier, and C d is the external 
capacitance loading the input node of the amplifier. 

e . Total noise. Each of the component sources of noise 
indicated in subsections a-d are independent. Hence we can 
estimate the total noise charge by adding them in quadrature. 

C, Resistance to radiation damage 

The long term effects of radiation on xeroradiograph ic 
tf-Se plates have been studied by measuring the residual po¬ 
tential of a photodischarged plate after it has been subjected 
to radiation. It was found that the plates recover from the 
effects of radiation within hours. 35 Thus the focus of our 
investigation is to examine whether the active matrix is re¬ 
sistant to radiation damage. 
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Fio. 4. Experimental arrangement for investigating the effect of radiation on 
thin film transistors. 


The TFTs are the only components on the active matrix 
that are possibly subject to radiation damage. The effects of 
ionizing radiation on surface channel semiconductor devices 
such as a metal-oxide-semiconductor field effect transistor 
(MOSFET) have been widely studied. 36 The major effect is 
due to radiation absorbed in the gate insulator Holes created 
in the insulator by radiation can be trapped practically indefi¬ 
nitely at the interface between the gate insulator and the 
semiconductor, and change the transfer characteristics of the 
MOSFETs. In particular it has been noted that the threshold 
voltage V T changes as a function of irradiation level. Since 
TFTs have similar gate structure and principle of operation 
as MOSFETs, 37 ionizing radiation is expected to have a simi¬ 
lar effect. 

We measured the transfer characteristic curves of TFTs 
before and after they were irradiated with 5000 cGy. For 
practicality in applying very large doses a ^Co radiation 
source was used, as shown in Fig. 4, Since it has previously 36 
been noted that gate bias potential during irradiation of 
MOSFETs changes the effect of radiation, the gate bias po¬ 
tential, V GB , was controlled in the irradiation experiment. 
Three V GB conditions were studied: +20 V, —20 V (which 
are the highest operational gate bias potential for the “on Tt 
and “off" states, respectively), and 0 V. 


IV. RESULTS AND DISCUSSION 
A. Detector size and resolution 

Electron-hole pairs created during x-ray interaction with 
a-Se are separated and drawn to the surfaces by the applied 
E Sa without much spreading. The modulation transfer func¬ 
tion (MTF) of an a-Se detector at mammographic energies 
(^=200 ^rm) has been estimated to be >80% up to 10 
lp/mm 3S (corresponding to the 50 /mi pixel size proposed for 
mammography). For higher x-ray energies used in fluoros¬ 
copy and chest imaging - 500 ^m), MTF is >90% up to 
2.5 lp/mm,™ corresponding to the pixel size requirements for 
fluoroscopy and chest radiography. Thus the resolution of the 
detector will be largely determined by the pixel size of the 
active matrix, and not the intrinsic resolution of o-Se. 
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Fig. 5. Transfer characteristic curve of a typical CdSe thin film transistor: 
Channel current I p as a function of gale bias potential V c at drain bias 
potential lq,=Q.5 V. 


Currently, active matrices have been made 25X25 cm in 
area and with 90 pixel pitch. 39 Eventually* with the de¬ 
mand for larger area and higher resolution active matrices in 
the development of liquid crystal displays, an active matrix 
array as large as required by chest imaging and with a pixel 
size small enough (50 /zm) to be suited for mammography 
will probably be feasible. 

6. Readout rate and lag 
1. Readout rate 

A TFT with a channel 30 /im wide and 50 /zm long* and 
the silicon dioxide (Si0 2 ) gate insulator 0.5 jzm thick was 
investigated. Figure 5 shows the measured transfer character¬ 
istic curve at Vo =0.5 V, I D covers a range of seven orders of 
magnitude, which provides a dear distinction between the 
“on" (e.g„ at V c ^\0 V) and “off" (e.g., at V G = -3 V) 
states. When the TFT is turned on with V G = s 10 V, shown in 
Fig. 6(a), I D increases in an approximately linear fashion 
with V D in the region of V D <2.5 V and the initial slope fits 
a ™ of -1.5 MO. When the TFT is turned off at *= -3 V, 
as shown in Fig. 6(b), the initial slope of the curve indicates 

a ^>10” n. 

The value of ( which is the dominant part of Cp , is "“1 
pF for the active matrices used in our investigation, thus 
from the above values for fl on and fi QffT is M.5 /*s and 
T of f is — 10 s, If we allow five time constants to completely 
discharge each pixel* i,e. t M~5 in Eq. (1), for a 1000 
line fluoroscopy detector is ““7.5 ms which is comfortably 
less than the 7> required for real-time x-ray imaging (33 
ms). This result agrees with a similar analysis performed for 
the readout rate of flat-panel detectors using phosphor screen 
and G-Si TFT-photodiode arrays,^ 41 

is increased in proportion to the increased number of 
rows required for chest radiography and mammography to 
13.5 and 36 ms, respectively, both of which satisfy the re¬ 
quirement of instant readout. With r o[T =10 s, the image 




FiG. 6. Output characteristic curves: (a) Channel current 1$ as a function of 
drain bias potential with the TFT "on; 1 * (b) 1 n as a function of V !} wiib 
the TFT "off “ 


charge leakage is <0,5% even after the longest (36 ms), 
thus the detector will not suffer from information loss due to 
leakage current of the TFTs. 


2. Lag 

The mobility of carriers for a-Se has been measured as 
0.0063 cm 2 /Vs for electrons and 0,19 cm 2 /Vs for holes. 42 
From Eq, (2), when the thickness of tf-Se £^=500 /zm and 
the applied £$ c " 10 V//zm, the maximum charge transit time 
Tf[ is 79 /*s for electrons and 2.6 fts for holes. Thus the 
largest fraction of charge generated in one frame contributing 
to its following frame is 0.24% (the ratio between 77=79 , 0 $ 
and 77 = 33 ms). Under the condition of M = 5. as given in 
the previous discussion of 99.3% of the image charge 
at each pixel is read out. Therefore including both the above 
mechanisms, the maximum percentage of image charge that 
can contribute to the subsequent frames is <1%, thus no 
significant image lag would be observed. 
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FtG, 7. Quantum efficiency (QE) of a-Se as a function of its thickness for 
s-ray spectra used in chest radiography (120 kVp), mammography (30kVp) 
and fluoroscopy (70 kVp). 


C. Quantum noise limited exposure range 

1 . Signal 

The quantum efficiency, 17 , of a-Se is shown in Fig. 7, 
plotted as a function of d^. For the 30 kVp mammographic 
spectrum, there is no significant increase of v for *f$e >200 
fji m, thus a value of £f Se = 2 Q 0 ^im p where 77 =%. 2 %, should 
be suitable for digital mammography. The largest d Sc re¬ 
ported is 500 //m, 11 which provides 17 = 55 . 9 % and 75.5% for 
the spectra required for chest radiography and fluoroscopy, 
respectively. The W for a-Se has been measured to be 50 eV 
at £55 = 10 V/^tm . 42 Thus the image charge per pixel can be 
calculated using Eqs. (3) and (5) and is 4.91 X10* 3.45 X10 6 , 
and 1 . 68 XI 0 5 electrons (pixel ) -1 mK ” 1 for fluoroscopy, 
chest radiography, and mammography, respectively. The 
maximum image charge is obtained at the exposure of 240 
mR, the raw beam exposure considered for mammography, 
and it is 4.02X10 7 electrons/pixe! which results in a pixel 
potential of 6.43 V at C p "l pF. Since the pixel potential 
does not significantly reduce the £&., the detector will have 
a linear x-ray response in the diagnostic radiation range. 

The maximum x-ray exposure that the detector can re¬ 
spond to equals the product of the pixel capacitance C p and 
the highest pixel potential, at which the TFT can main¬ 
tain its function. It has been shown that V DP of CdSe TFTs 
can be as high as ^200 V . 43 Thus the detector can respond 
up to an image charge level of 200 pC (L25x 10 9 electrons)/ 
pixel. 


2. X-ray quantum noise 

The x-ray quantum noise as a function of x-ray exposure 
was calculated using Eq, ( 6 ) and the detector parameters de¬ 
fined in Table L The result is plotted with solid lines in Fig, 
8 for fluoroscopy, chest radiography, and mammography. 


3. Electronic noise 

a. Dark current shot noise. The a-Se plates used in xero¬ 
radiography are made by thermal evaporation of a-Se onto 
an aluminum substrate. The £$* is applied by corotron charg¬ 
ing the free top surface to a positive high potential The dark 
current of such a-Se plates can be determined by measuring 
the dark decay of the surface potential as a function of 
time . 44 For a 300 >xm thick a-Se plate at £ Sc = IQ V/^m, the 
result showed that the dark current is <100 fA/mm 2 The 
dark current was unchanged when a thin indium electrode 
was evaporated onto Ihe free top surface. Then from Eq, (7), 
the dark current shot noise q nd is less than 36 electrons for a 
fluoroscopy detector, which has the largest pixel size (250 
£im) thus highest q nd among the three imaging applications. 
The dark current shot noise is therefore negligible. 

b . TFT thermal noise . The thermal NPS of the TFT, 
Wj t (f), was measured with the TFT turned on at V G = 10 V 
and I D = 0, the result is shown in Fig. 9. The measured 

is white and the noise power density is 
(1,28±Q,12)X IQ “ 26 A 2 /Hz. This is in substantial agreement 
with the theoretical prediction of 1.10X10" 2 * A : /Hz using 
Eq. ( 8 ) for the channel resistance 7?^= 1,5 MH The C F for 
our active matrices is 1 pF; thus, from Eq. (14), the TFT 
thermal noise q nt is 700 electrons at room temperature. This 
is a dominant source of electronic noise, as shown in Fig. 10, 

c. TFT /ticker noise. The NPS of the TFT, Wf(f) m mea¬ 
sured with f D TQ are also shown in Fig, 9* and they were 
found to increase with / D . Then the relationship between 

[obtained with Wj t (J)\ and l D was fitted to 

the empirical expression 4 ’^ 

Hfy/)=«(/£//*) (16) 

where a, and y are constants. From the measurement, the 
flicker NPS »fy/) has a of (8.41 ±0.28) X10 ^, j3 of 2.03 
±0.06, and y of 0.82±0.02. 

During image readout, I D decays exponentially with time. 
Thus at a given charge signal level q s is estimated 

using a constant I D which is the mean square average value 
of l D during the readout period T OJl . Then the noise charge 
q tif due to the TFT flicker noise can be obtained by integrat¬ 
ing W 2 q /f) [Eq, (II), substituting wl(f) with over 

the bandwidth of the charge amplifier (1 MHz). In Fig, I0 t 
q„f is plotted as a function of q s , and it shows that q n f is 
negligible compared to the TFT thermal noise q nt at low q s 
level, 

d. Amplifier noise. As shown in Eq. (15), the amplifier 
noise q na is linearly proportional to the input load capaci¬ 
tance C d . An example of a suitable charge amplifier has 

of 250 electrons and a slope 8 of IS , 40 The main contribution 
to C d is the capacitance between each gate line and source 
(data) line , For our active matrices, is typically 0.05 
pF. Thus for a detector with 1000 gate lines, as proposed for 
fluoroscopy, C d is 50 pF. Then from Eq. (15k q na is 1000 
electrons. As shown in Fig. 10, q nQ is the most dominant 
source of electronic noise, 

e. Total noise. We obtain the total electronic noise q n by 
adding all the noise components in quadrature, and the result 
is shown as a function of charge signal q s in Fig. 10. In order 


Medical Physics, Vol. 22, No. 10, October 1995 








328 


Chapter 4 Digital Imaging 


1602 W, Zhao and J. A, Rowlands: X-ray imaging using amorphous selenium 


1602 




Fig. 8. Estimation of x-ray quantum noise and electronic noise of each pixel 
as a function of x-ray exposure for; fluoroscopy,, chest radiography, and 
mammography. X-ray quantum noise is plotted using solid lines, and elec¬ 
tronic noise with dashed lines. 


to determine the quantum noise Limited exposure range for 
each imaging application, q„ is replotted, as a function of 
x-ray exposure in Fig, 8. 

As shown in Fig. 8 for chest radiography and mammog¬ 
raphy, the x-ray quantum noise is Larger than the total elec¬ 
tronic noise over the whole required exposure range, i,e., the 



Fra. 9, The noise power spectra (NPS) of a CdSe thin film transistor mea¬ 
sured with the TFT turned on (F c =10 V). 


requirement for quantum noise limitation is satisfied. How¬ 
ever, as also shown in Fig. 8 for fluoroscopy, the detector is 
not quantum noise limited below an exposure of 0.5 pRJ 
image and thus does not cover the whole exposure range 
desired for fluoroscopy (0-1-10 /zR/image). The dominant 
sources of electronic noise are the TFT (700 electrons) and 
the amplifier (1000 electrons). Thus the two possibilities for 
improvement are (i) to reduce the dominant sources of noise, 
e,g„ by choosing amplifiers with lower noise or reducing the 
pixel capacitance C P ; (ii) to increase the x-ray sensitivity of 
the detector by a factor of 2 so that the amount of charge 
associated with the x-ray quantum noise exceeds the elec¬ 
tronic noise. This can be achieved by either decreasing the W 
of tf-Se or using other types of photoconductor with lower W , 
e.g., TlBr, The W for TlBr is eV (Ref, 8) which is seven 
times lower than that for a-Se. 


10 4 




image charge q s (electrons) 

FiO- 10, Electronic noise from each pixel of the detector as a function of 
signal q s , q nd '. dark current shot noise; : TFT thermal noise: q n f- TFT 
flicker noise; q Hl ,: amplifier noise; : total electronic noise. 
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Fig. 11. The transfer characteristic curve of a thin film transistor before and 
after exposure to 5000 cGy of “Co radiation. 

D* Resistance to radiation damage 

Figure 11 shows the transfer characteristic I D -V C curves 
(with V£,=0.5 V) for a single TFT before and after irradia¬ 
tion at zero gate bias {Fg B = 0). The dominant effect of ra¬ 
diation is the decrease of threshold voltage V T by —1 V p 
where V T is determined as the intercept of the linear extrapo¬ 
lation of the I d -V g curve with the V G axis minus V D /2, The 
decrease of V T suggests that TFTs need more negative gate 
operational voltage V C(off) to be turned off. Table II shows 
the change of V T t i,e„ AV f , at different V Ga * Since the TFTs 
are turned off (with V) during most of the time under 

radiation, the amplitude of would be less than 2 V dur¬ 
ing the lifetime of the detector. Thus if wc choose the opera¬ 
tional to be —5 V for the TFT discussed in the section 
of readout rate, there will be sufficient safety margin so that 
the function of the TFTs will not be affected by radiation, 

V. CONCLUSIONS 

We have investigated a directly x-ray sensitive, solid- 
state, flat-panel detector for digital radiological imaging us¬ 
ing self-scanned readout of an x-ray photoconductor Our 
study is based on an idealized circuit model for the detector, 
blown properties of a- Se, and measured properties of CdSe 
TFTs. The image readout rate is shown to be fast enough for 
both real-time x-ray imaging and instant radiography. The 
detector can be quantum noise limited for the exposure level 
used in radiography such as chest radiography and mammog¬ 
raphy. It can also he quantum noise limited above 0.5 ^tR/ 


Table It. Change of threshold voltage. AV rt at different gate bias condition 
V a& during irradiation of 5000 cGy, 


Gate bias condition during irradiation 

V GB (V) 

Threshold voltage shift 
AV t (V) 

-20 

—2,0±0.i 

0 

— 1.1 ±0,1 

+20 

-6.2+0.1 


image, Le., half the mean exposure level typically used in 
fluoroscopy. Further improvement by either decreasing the 
electronic noise or increasing the x-ray sensitivity by a factor 
of 2 is needed for fluoroscopy. The detector components are 
shown to be radiation resistant to the lifetime dose expected 
for a diagnostic x-ray imaging system. This work suggested 
that a detector using self-scanned readout of an x-ray photo- 
conductor can potentially satisfy all the design requirements 
for an x-ray imaging system and further investigation of 
practical aspects of its feasibility will be of interest. 
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Introduction 

The concept of digital image communication and digital radiology was intro¬ 
duced in the late 1970s and increasingly integrated into hospitals around the 
world. The vision of an all-digital department includes, besides all-digital diag¬ 
nostic devices, a complete new digital communication structure and standard. 
With the support of the International Society of Optical Engineering (SPIE), the 
first conference and workshop on Picture Archiving and Communication Systems 
(PACS) for Medical Applications was held in January 1982. During that meeting, 
the term PACS was coined. Now PACS has become a routinely used clinical tool. 

H.U. Lemke from the Technical University of Berlin published the earliest pa¬ 
per proposing the concept of PACS in 1979. This concept incorporated the multi- 
media electronic medical record, medical workstations, and local and global net¬ 
work communications. It provides the base of a PACS project specification and 
subsequent implementation as part of the Berlin Communication System 
(BERKOM), initiated by the Senate of Berlin in 1986. Within the BERKOM project, 
special attention was given to end-systems, particularly development of worksta¬ 
tions with multimedia communication capabilities. Special emphasis was also giv¬ 
en to medical applications. The medical image communication project RAD COM 
was one example of a special health care setting in radiological data communica¬ 
tion. With varying degrees of success teleconferencing was held between the 
Rudolf Virchow University Hospital at Berlin-Charlottenburg and Berlin-Wedding. 
Cost considerations were probably the main reason why PACS realizations were 
not started before the mid-1980s in Germany. 

The first clinical PACS paper was published by J.A. Parker et al from the 
Nuclear Medicine Department at Beth Israel Hospital, Harvard Medical School, 
Cambridge, MA, USA. A PACS concept was implemented for digital nuclear medi¬ 
cine images and integrated with a radiology reporting system and gamma cam¬ 
eras. Starting with nuclear medicine resulted from the relatively lower require¬ 
ments for display, communication and storage compared with other radiology 
modalities. Furthermore, nuclear medicine was the first radiology modality to use 
computers for functional analysis. Certain design principles of the first PACS have 
remained constant and have proved useful through many chances through the 
years. The use of standard off-the-shelf hardware and software offered the oppor¬ 
tunity to communicate with a wide range of nuclear medicine cameras from dif¬ 
ferent manufacturers and to be able to display and analyze data from all of them. 
Insisting on three levels of backup and redundancy results in a concept of a mini 
PACS design, where each section of a radiology department has its own stand¬ 
alone PACS. Storing data over 17 years was possible with no meaningful down¬ 
time. 

Another landmark paper was published in 1983 by HK Huang and his co-work¬ 
ers outlining the initial planning for the PACS efforts in the Radiology 
Department of the University of California (UCLA). It established the methodolo¬ 
gy on how to justify the costs of implementing a PACS system. Guidelines were es¬ 
tablished and subsequently the National Institute of Health and later the 
Department of Radiology Science funded the PACS in Radiology research and de¬ 
velopment project to provide a filmless radiology department. 

At Georgetown University Hospital, Washington DC, USA, S. Horii and his 
group worked on development of all aspects of PACS. The design of a workstation 
with consideration of the environmental conditions for reading was described 
with a focus on ergonomic and architectural features. Outlining the problems of 
just putting a workstation in place of a film alternator, Horii made suggestions for 
some redesigns of the reading room at Georgetown. 
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Together with B. Levine, problems in sharing and exchanging information be¬ 
tween a PACS and a hospital information system (HIS/RIS) were identified and 
outlined in a paper presented in 1990. The paper described the experience and the 
development of the interface and its impact on clinical operations. 


References 

Early PACS Papers (2003) Laying the foundation for the future of Digital Medical Imaging. 
Journal of Digital Imaging. Special Issue 16:1 

Computerized Medical Imaging and Graphics (2003) Special Issue: Picture Archiving and 
Communication System (PACS) - Twenty years later. Vol. 27:2-3 




334 


Chapter 5 PACS 


5.1 Applications of Picture Processing, Image Analysis 
Computer Graphics Techniques to Cranial CT Scans 


Heinz U. Lemke (born 1941) 


Heinz Lemke was born on 25 March 1941 in Stettin, Germany. He started his edu¬ 
cation at University of London, Institute of Computer Science with extramural 
studies in computer science (1965-1966). He wrote a thesis: Interactive Graphics in 
an Integrated CAD System and got his PhD. from the University of Cambridge, 
Computer Laboratory. In 1981 he studied medical science and pathology at the 
Kings College, University of Cambridge. In 1975 Heinz Lemke was appointed 
Professor of Computer Science (Computer Graphics and Computer Assisted 
Medicine) at the Technical University Berlin, Germany. In 1976 he became director 
of the Institute of Technical Informatics and in 1979 Chairman and Speaker of the 
Faculty of Informatics, at the TU Berlin. He is a Visiting Professor at the University 
of California, Medical Center, Irvine, USA (1987), the University of Osaka, Japan 
(1992), the University of California, Department of Radiology and Informatics, 
San Francisco, USA (1994). In his original paper he introduced the concept of dig¬ 
ital image communication and display in 1979. 

Heinz Lemke is a founding member of Steering Committee for Euro PACS, 
Netherlands (1987-present), founder and Chairman of the working group 
“Radiology, Informatics and Communication” of the German Radiological Society 
(1992-1994), founding member and General Secretary of the International Society 
for Computer Aided Surgery (ISCAS), France (1996-present), founding member 
and member of the Executive Board of the World Academy of Biomedical 
Technology (UNESCO), Paris (1997-present), a member of the International 
Committee for Informatics of the Societe Francaise de Radiologie, Paris (1997- 
present), member of the Information Technology Committee of the British 
Institute of Radiology, London (2000-present), founding member and General 
Secretary of the Deutsche Gesellschaft fur Computer- und Roboter-Assistierte 
Chirurgie (2001-present). 

He is a member of several national and international scientific and the soci¬ 
eties editorial advisory boards of several scientific journals. He is a Honorary 
Member of Euro PACS (1996), the British Institute of Radiology (2003) and Oster- 
reichische Wissenschaftliche Gesellschaft fiir Telemedizin (2003). 

Heinz U. Lemke is the organizer of the annual CARS meetings. 

Picture courtesy Heinz Lemke, PhD, 2004. 



R.S. Stiehl 


H. Scharnweber 
D. Jacket 




5.1 Applications of Picture Processing 


335 


APPLICATIONS OF PICTURE PROCESSING, IMAGE ANALYSIS AND 
COMPUTER GRAPHICS TECHNIQUES TO CRANIAL CT SCANS 

H.U.Lentka, H.S.Stiehl, fi .Scharnweber, D.Jackel 

COMPACT Project Group, I ns ti tut fiir TeChnische Informalik, 
Techrtische Universit#t Berlin 


Summary - Systems for the processing and rep re se fi¬ 
ts tior, &t cranial computed tomograma haw become a 
significant addition to the ukc of computers in me¬ 
dicine, particularly radiology. This paper tries to 
outline a global view on some of Ui* important tech¬ 
nical capabilities such systems can provide using 
techniques from Picture Processing, Image Analysis 
and Computer Graphics, experimental results of the 
COMPACT Project are presented wherever appropriate. 

Further thought is also given to the framework in 
which ct processing isay take place. To ensure clini¬ 
cal efficacy c concept of a Medical Work Station as, 
part of a distributed u\mq?uting network is discus¬ 
sed, some consideration is then given to the physi¬ 
cian* possible working modes within such a systam. 


1■ Introduction 

In the process of medical diagnosis and therapy, 
information is usually presented by means of the 
written word, pictures, graphics and the spoken 
word. For a particular patient the sum-trotsl of 
this information may ho labelled the tpedic&l record 
(MR}* In the interest of a patient oriented health 
care system there are a it umber of important if not 
vital requirements on how the information in the HR 
should be organised and used, e.g. there should he 

al access to the J nformation in the MR at thu right 
piece in the right time by the right people, 

b) maximum utilisation of information for diagnos¬ 
tic and therapeutic purposes, 

c) reliable linkage of all patient specific infor¬ 
mation into one hr. 

in addition, there are setae desirable features of 
data representation end processing for the medical 
practioner, e.g* there should be 

d) uniform, structured and easy to wilder stand data 
representations of MR'S, 

e) easily extendable HR's, 

f) safe, protected and easily accessible tin's, 

g1 speedy statistical data gathering facilities on 
MU'S, 

and moat Important of all 

h) flexible conferencing and consulting mode facil¬ 


ities using MR 1 * ami all modes of coomunication 
|i*e„ word, picture and voice communication). 

It la suggested in this paper that each of the above 
requirements for Information management and evalu¬ 
ation can be maximally satisfied by using nodical 
work stations IfWS’i) in a distributed computing 
network. 

The development of such a system is currently being 
carried out at the institut far Technische Inforcna- 
tik at the Teohnlscho Universitlt Berlin. The prin¬ 
cipal application of the hvs's is for tho manags- 
m*nt Of neurological disorder* and includes a sys¬ 
tem for the computerized Management, processing and 
Analysis of Computed Tomograms (COMPACT), 

Processing and analysis of Coinputod Tomograms (CTV) 
are mainly in support of requirement b) * They ore 
seen in the framework of picture processing and 
image analysis and are discussed respectively in 
chapter 2 and 3 of this paper, 

computerised management of CT ( s covers a wide spec¬ 
trum of activities in support of all of the above 
mentioned requirements and features for MR process¬ 
ing T Computer Graphics is particularly tsuitable for 
feature d) and will be discussed in chapter 4* 

Our approach to provide for feature h) will be out¬ 
lined in chapter 5, that is transmission of CT's in 
a network for communication and filing purposes* 

2, picture Froceasing Techniques 

Digital picture processing techniques, generally 
aimed at a t tans formation from quo picture to a 
modified and Improved picture have to meet when 
applied to computed to&ography the following do- 
mauds ; 

a) Improve the piqturn with respect to the human 
perceptional ability and/or 

b) reduce noise and scan and motion artifacts 
and/or 

c) obtain a mom suitable representation of the 
picture for the segmentation process.. 

To achieve the most suitable representation of the 
computed tamograns for the physician the sis in re¬ 
quirement for improving the visualization of the 
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aiiatcraie and pathologic picture content, This may 
require noist* smoothing, edge and contrast enhance¬ 
ment and pseudo colour trails formations. When auto¬ 
mated analysis by an oft 1 - or on-line computer sys¬ 
tem is intended demand c> nay be further divided 
into the eacegoriurt i) impcovenant of the picture 
dsoractorist;Lcs, e.g, ndge-i and contrasts, and iLJ 
data reduction to limit the aLze of the picture 
matrix, 

Comp uted TkAimgr afli cha ractgr 1 nt lc e 

m general, the two-dinm ns tonal representation of a 
picture contains a degradation which is dependent 
on the picture formation, process, Degradations may 
be modeled by a convolution function over the pic¬ 
ture and an additive component, the noise, per X-ray 
imaging in computed tonography, there may be several 
sources of degradaclone, o.g. as part of the modu¬ 
lation transfur function of the scanner, caused by 
scattering photons during traversal of the. Object 
and the nonlinearity of «morgy source end detectors 
and the influence on picture quality of the algo¬ 
rithms for reconstruction from, pro jeeLions , Further- 
Jaore, picture quality is dependent on several para¬ 
meters, in particular the scan energy, the number of 
projections and the spatial resolution. 

It is obvious that all parameters are highly scanner 
dependent. Current work embedded in the COMPACT 
Project fOCUS on cranial computed tonbg£ftB*& obtained 
from the EMI CT1010 scanner at the Department of 
Computed Tcc&ography of The Free university Berlin, 
The computed tomograms Are defined as a digital 
two-dimensional array with a total of 16Cx!G0 pic¬ 
ture elements ( pi see 1 ®) each of which is associated 
with a ncDHur.lcal integer value in the range -lOOO 

1000 [HU-value} which corresponds to th*r average 
density of bram structures in a volune element 
(voxel) sized i, !>xl , SxlO Ml 3 . Notwithstanding the 
two-dimens Iona1 representation of the computed tomo¬ 
gram, the real information per pixel is of a three- 
dimensional nature. 

Data Reduction 

Tho task of data reduction may be defined as the 
suppre esI on of irrelevant information within the 
entile picture domain. in cranial computed tOffiO- 
grams, the relevant structural content for diagnos¬ 
tic and therapeutic purpose is the distribution of 
HU-values describing the attenuation coefficients 
of the brain tissue- For computer processing pur¬ 
poses it is useful to reduce the great number of 
bits per tomogram so as to achieve only storage of 
the aatrlx line segments which rvfer to brain. 

The preprocessing nodule for cranial computed tocno- 
graitis Includes smoothing, skull detection, detection 
of brain line segments and the computation of sev¬ 
eral statistics on the brain pixels, cranial com¬ 
puted tomograms are stored on magnetic tapes by the 
processor of the EMI CTTGtO scanner and read by an 
I TEL AS-5 of the Department Of Computer Science at 
th* Technical University Berlin- The coup1eta set 
of picture matrices in transferred onto the disks 
of the graphics system Adage AC7T 130 via a 4Uoo baud 
data line- The preprocessing algorithms were de¬ 


signed for scan-mode processing via a software 
buffer holding 5 tomogram lines at a tune. Subse¬ 
quent processing has been adapted to the line-orien¬ 
ted tcraogram storage structure on the tape and the 
Limited main core size of 32K words; oi. the ADAGE 
system which docs not allow core resident storage 
of the complete tomogram matrix during procesaing, 

skull detection is performed simply by fixad thresh¬ 
olding of the smoothed pixels in the line buffer. 
Fixed thresholding is enabled by the fact that bone 
appears in a constant tango of HU-values on the 
tomograms. After Skull detection £ach row lying 
within the skull la checked for brain candidates by 
a decision on the HU-value statistics of the pixels 
per lino. By tills simple and also fast method a 
distinction between brain and background Is made. 
Once a brain line segment is detected several sta¬ 
tistical computations an) made on tho line buffer; 

titan HU-value and standard deviation of the HU- 
valuss of the brain, 

th'? first order histogram of brain pixels, 
the brain area* 

tho center of the entire brain region on the cosno- 
gram by moment analysis, and 

the symmetry line, which may be rotated due to 
patient position in the gantry by the principal 
axis method (details are given in )* 

After preprocessing the reduced tomogram data aru 
stored in a core resident list and can be referenced 
by a line descriptor block containing line and col¬ 
umn indices followed by the pixels HU-values. 

preprocessing was tested on the whole C? data base 
including 12© cranial computed tomograms. The re¬ 
sults for xkull detection and background suppression 
wore very exact. Preprocessing is dona in approxi- ■ 
mately 60 seconds execution time including disk 
accesses and data transfer from disk to main core, 

imago Enhancement 

Noise degradation inherent In the tomogram is 
smoothed by a conventional average curator defined 
over a 3x3 neighbourhood. Since the averaging oper¬ 
ator is In no sense adapted to the specific origin 
of the noise, edges arc blurred within Use brain 
pixels and image quality is overall degraded^* 
Designing noise adapted smoothing operators needs 
careful analysis of the theoretical background of 
noise origin and properties in CT scanners . 

However not only smoothing techniques are lEaport&nt 
to improve CT mages b^t also techniques for en¬ 
hancement of CT images . These can cither sharpen 
edges or make low contrast differences Visible to 
the physician. Such a procedure may give substantial 
help to the physician in the diagnosis of low con¬ 
trast moss lesions for which the border to surround¬ 
ing tissue may nut be clearly visible. Furthermore, 
the interior of low contrast lesions can he more 
cLearly analyzed after contrast or edge enhancement, 

in addition, pseudo colour transformations con im¬ 
prove visibility of neuro an a tortile and -pathologic 
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structures, The selection of a gray-vatufe to psuuda- 
eoiour mapping scheme must teJee insc Account that the 
range of colours does not overtax the perceptional 
ability of the physician. 

The solutions to some of the sketched problems im 
pare of tbo continuous development of the COMPACT 
system. 

3. Image Analysts Techniques 

In general, two distinct approaches to computerised 
analysis of tho structural content of computed tosno- 
grants buva b&en established; 

the interactive and 

the automated CT image analysis approach. 

To achieve an optimal synergeais in an interactive 
environment between Uic physician and computer 
system careful dfefclgn of the man*machine contrail nica¬ 
rlo n modulo Is important, Numerous papers on inter¬ 
active analysis of computed tomograms have been 
published within the last few years. An introduction 
to the 4 bOVW mentioned^ roblem a la givnn in, a 
survey can be found in - 

Common to interactive and automated CT image ana¬ 
lysis was the esphasls given to the diagnostic 
evaluation of the brain ventricles- Linear distance 
leasurm: derived from pneumoencephalography were 
adapted to CT for descriptive analysis of atrophic 
diseases and in font hydrocephalus. Td aver conic 
their two-dimensional nature end also facing the 
thre 0 -dimensional nature of CT information,, at tempts 
hove been made to estimate the ventricular volume 
on computed tomograms. 

The development of techniques for automated analysis 
of CT images with respect to the brain ventricles 
are based on three demands: 

a) to overcome the tedloim work of ventricle out¬ 
lining ovor a range of up to 12 betsograre slices, 

b) to yield an exact param*torized description of 
the thre-o-dimensional morphology of the ven¬ 
tricles , and 

c) to facilitate a realistic visualization of the 
complex ventricular strueturr¬ 
it is easily seen that 

a) implies automated image segmentation and object 
recognitionj 

b} aeons the automated determination of the ven¬ 
tricular volume, and 

c) requires a three-dimensional display with shad¬ 
ing t hidden surfacing, and various picture trans¬ 
formations well known in computer Graphics, 

Segmentatum 

The selection of an appropriate segmentation scheme 
for cranial CT scans was influenced by the follow¬ 
ing design d&ziands: 

a alnlmfum on ograputatlctial cost and storage 
requirements during processing time, 


a Fast and therefore quite *simple" approach, 
and 

optimal adaptation to the Hno-orionted computed 
tomogram storage structure* 

A dynamic thresholding approach was cho|cn (contrary 
to the approach with fixed threshold in*} and imple¬ 
mented in FORTRAN TV on the APACE ACT 330 graphic 
System, 

The cerebrospinal fluid-filled cavities like ven¬ 
tricles, cisterns and the subarachnoid space are 
defined wi the cranial computed tccograa by a char* 
acteristlc range of mi-values and arc well con¬ 
trasted to the surrounding BU-values of brain tissue. 
The latter feature unables thresholding of the tome- 
gram picture matrix with an automatically selected 
dynamic threshold range (it has been found that due 
to slice-, patient- and acan*energy-dependent CAP 
range Variations, fixed thresholding yields unsatis¬ 
factory results), 

$omo conside rations ha ve also bo be given to the CT 
generation process, Tho MU-valuea of the pixels in 
the two-dimensional tomogram matrix result from 
averaging the attenuation coefficients of the three 
dimensional density distribution of sometimes more 
than one material within one voxel sized 1,5x1,5x 
10 ram, Mo, voxels defining the brain/ventricle edge 
may contain brain tissue as well as CSF and are 
therefore given a higher HU-value than the purely 
CSr containing voxels (usually referred to as ’'par* 
tial uolufte phoncttettfL", the amount of,for example, 
CSF Within one voxel is called "partial volume 
ratio" pvt) . The upper CSF range bound is therefore 
defined by the maximal HU-value of the pixels re¬ 
present! rig the ventricular system, 

For analysis* of the ventricle/brain edges a sum- 
type gradient ia computed over the entire brain on 
the tomogram and its magnitude is correlated with 
the HU-value at corresponding pixel indices by a 
modified two-dimensional (joint) histogram follow¬ 
ing the notion in' 7 . A projection over all maximal 
gradients yields a on^-dimensional histogram of HU* 
values of possible edge pixeLft^. 

One problem, however * has to be discussed in mart* 
detail* In the ideal case, the resulting one-dimen¬ 
sional histogram is unimode) and its maximum gives 
the HU-value of the post Frequently occurIng pixels 
at the vent no la/brain edge associated with maximal 
gradiants. However* the ventricle/brain edge has, in 
general, a non-constant edge profile due to a vary¬ 
ing partial-volume ratio along the edge (analysis 
of brain anatomy make® It clear that the voxels at 
the periphery of the frontal home Bust contain 
less CSF than those at the periphery of the third 
ventricle). In general, the histogram is blaodal 
referring to an edge part associated with minimum 
and one associated with maximum partial volume 
ratio, in cases where two strong peaks are present 
the valley of the histogram is chosen as threshold. 
It Is clear that such a pure global analysts for 
threshold determination results in only on estima¬ 
tion for the upper threshold bound hunt# the influ- 
cnee of local contrast is ignored. This means that 
in respect to the distribution of partial volme 
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ratios within the slice only the ventricular system 
or the external liquor spaces are segmented well* 

If the external CSF containing regions are segmented 
exactly, the ventricles may well be in general too 
large and vice versa. An iproved version of the 
segmentation scheme will cotiblne both global 
statistics on the edges present within the tomogram 
and local contrast proporties on a defined pixel 
neighbourhood. 

The Lower CSF range bound i£ chosen from the first 
non- ec re entry of the overall brain histogram with 
minimum JiU-volue, Results of the segmentation 
BChftW applied to computed tomograms in Pigs* la-lf, 
Ore given In Figs, 2n-2f, 

After automated threshold selection, a lino sequen¬ 
tial* thresholding operation ie performed on the 
core-resident brain line segments yielding CSF 
region line segments* The llna segments are grouped 
together into regions via overlap checking between 
two abutting line segments in two consecutive Hues 
la method similar to 1C j* Thb region growing approach 
was designed to nave subregions which originate by 
merging and splitting occurrences on a Line and to 
generate a hierarchic List-oriented picture. 

Picture description Is performed 

during region growing to ctrupute area, mean etc. 

and 

after region growing on the generated data 
structure. 

The basis for picture description ie an assumed 
computed tomogram geometry defined by the brain 
center and the (possibly totaled) symmetry line. 

The brain is divided Into four quadrants allowing 
for positional and relational orientation of the 
CSF regions within the entire brain on the computed 
tomogram. Each region is labeled and described by a 
set of descriptors; area* eircunscribing rectangle, 
mean of Mi]-values, region center coordinates,dis¬ 
tance to brain center, angle with syametry line, 
index of quadrant and a ventricle candidate Indica¬ 
tor with value either t or 0* The latter descriptor 
excludes all regions with minimal size and periph¬ 
eral position from subsequent analysis as described 
in the next section (in Fig.3 results from picture 
description of the segmented computed tomogram in 
Fig, 2d are shown), 

The segtaentatloo of C5F-filled brain cavities on 
cranial CT scans was tested on the ct picture data 
base of 12o computed tomograss with patients aged 
20-75 years* A subset of 61 computed tomograms 
(tomograms with only third or fourth ventricle wore 
not taken into account) with normal and diminished 
as well as dilated ventricles was processed, and 
presented to three physicians with clinical expect¬ 
ance in CT scan analysis* They vara asked to rate 
the leeejiibldjice between the ventricles on the tomo¬ 
graphic Polaroid photographs and those on the hard¬ 
copies of the coaputer processed tcmxxjcasts. Given 
a range free 1 to 6 (1; good resemblance, 6: bad 
resemblance the overall judgement Cor segmentation 
of the ventricles was: 1 16%}, 2 (IS D, 3 <31 i)# 

4 {21 \), 5 (7 %) and 6 io %). 


It is interesting to note that the Judgements for 
range 4 to 6 are due to the binary raprocc-nration 
of the segmentation results on the hardcopies. The 
physicians therefore felt that the ventricles were 
in general to largo* Comparison by eye between hard¬ 
copy and tomographic Polaroid photographs requires 
the subjective extraction of the ventriele/brain 
edge from the photograph* This edge shows a strongly 
reduced gray-value range while the ventrteie/brain 
edge on the hardcopy is defined by analysis of the 
original tiu-value range. If the segmented region is 
too large within an accepted error tango* the influ¬ 
ence of the peripheral pixels (belonging to brain 
tissue but "classified" as CSF) on the volume deter¬ 
mination i« rather email (partial volume ratios of 
less than € \\ and can therefore be ignored* Further¬ 
more, the Judgements of the physicians differ sig¬ 
nificantly, e-g* physician Ct 4{5 t), 5 (l t), phy¬ 
sician hi 4 05 %) * S < } 5 *). One fact was also 
clearly observed: the better the picture quality, 
the better the augmentation results. 

The tomogram segmentation needs less than 15 seconds 
CPU time including automated selection of threshold 
range, thresholding, region growing, data structure 
generation and picture description 

Recjognitlon of the Ventriclce 

The task of automated recognition of the brain ven¬ 
tricle parts on contiguous computed tomograms was 
realized by a model-guided recognition strategy 
utilizing contextual information. Two types of con¬ 
text are available: 

the inter-region context per slice, given by the 
picture description and 

the intcr-tlice context* given by assumptions on 
the probable occurrence of specific parts of 
the ventricular system on the next processed 
computed tomogram, dependent on already recog¬ 
nized ventricle parts. 

The inter-region context is revealed from the pic¬ 
ture geoc&etry and defines the positional relation 
between ventricle part* within one slice* Estimates 
of the positional range in which a ventricle part 
may be expected on a computed tomogram are obtained 
with the aLd of anatomic a priori knowledge, Thu a 
priori knowledge for each ventricle part Is repre¬ 
sented by a production system with several highly 
problem- and object-dependent production rules. 

The definition Of intur-slicu context is a much 
more complex p rob Lem and should aid the recognition 
strategy “to-look-where-for-what** Bach tomogram 
is considered a frame within the complete tamo- 
gram sequence. The sequence Is processed top-down 
starting with the tomogram with first occurring 
ventricle part* The structural top-down hierarchy 
of the ventricular system In men, nearly from the 
'•top" cel In media "down 1 * to the fourth ventricle, 
renders possible a forecast on the probable occur¬ 
rence of ventricle parts Oh the next tomogram 
within fch* sequence and may be described by a tree 
{each vertex in the following simplified tree may 
be present n times on n contiguous tonoqraoa]* 
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cella media 

f rimt| 1 ho c us OCC ipi La 1 horns 

third ventricle trigonum 

fourth ventricle inferior horns 

On ce t ho i n 11 1 a L w 11 a mad i a reg Ion a are recogn i zed , 

& context mask is defined by the circumscriblnq 
rccfr.auqlc to minimize the search range for structur¬ 
al continuation on the tomogram to be processed 
next. All regions (objects) within the context 
range Are treated as possible ventricle candidates 
and a decision has to b*i made on the ssftlectlon of the 
abutting ventricle parts on contiguous tomograms. 

The decision function may be executed on various 
criteria such as shape r size, location within the 
context: mask, max Lira! overlap between context mask 
And region area, nearest neighbourhood of region 
centers or store general, on the best Batch with the 
ventricle model parameters. The mein problem in pro¬ 
viding sufficient intor-slice context ts thu high 
variability of the structure of the ventricular 
parts. Some part# &ay either be connected or iso¬ 
lated, shifted, dilated, diminished or tven >it? dbyent 
due to the presence of a certain pathologic disorder, 
patient specific anatomical alterations, the posi¬ 
tion of the head in the scanner gantry (causing non¬ 
standard slices In respect Co Che orbito-meacal 
line as bast* proposed for CT head scanning] , the 

imporfuct bc antic e tvsolution ifrid Che presence o£ 
specific noise and artifacts. The recognition stra¬ 
tegy has to be invariant against these variabili¬ 
ties F 

For achieving maximal flexibility, Lhe recognition 
strategy must show independence from Che number bf 
prcioassed tanographir si lean. 1 1 the decision function 
fails, the recognition strategy will initialize 
the search for the next ventricle part on the cur¬ 
rant tojnctj rajs by a top-down traversal of the tree. 

If a part of the ventricular system, expected to be 
the next in the structural hierarchy, is not present, 
an unusual change in structural content is detected* 

The overall recognition nodule is supervised and 
directed by a control structure. 

The model-guided recognition of the ventricles re* 
&ult4 either in the description of the structural 
content of the complete tonogr.™ sequence [ecc Fig. 
41 a!Lowing for further diagnostic evaluations or 
in the abortion of the processing if $opk? ccnspicvi- 
ous differences are present on the current tomogram 
(details of the proposed methods will be given irr'V- 

Ventricle recognition was tested on the whole CT 
data base, 16 tomogram sequences were analysed. For 
10 sequences, the detection of the ventricular parts 
(except the occipital horns, for which the algo¬ 
rithms are currently under ifliplui&en tatI,on) was 
correct. From the remaining sequences, 1 were ana¬ 
lysed incorrectly cue to Insufficient inter-slice 
context definition for the; brtoal tomograms and for 
3 sequences recognition was aborted due to signi¬ 
ficant structural changes. For ventricle recognition 
loss than 1 seconds CPU time is spent. 


Analysis or the yentrieleg 


The goal of the current progron version is to 
achieve an exact estimation of the volume of the 
Iranian brain ventricles. The partial volume phenoistena 
does not allow simple miitiplication of the overall 
ventricular area by the pixel size And slice thick* 
neaa but needs a further processing step to retrieve 
the information of Lhe three-dimensional brain 
ti83ue/cSF-distribution within the slice out of the 
tYO-diuens-Lanal computed tomogram picture natrix. 

The first attempt osi Automated partial volume cor* 
rected determination of the volume of fluid-filled 
brain cavities was made: irJ 1 where a formula was 
given to compute the partial volume ratio cf CSF 
within one voxel (however, the volume of all C5F- 
fillbd train cavities was computed, not the ventric¬ 
ular volume), The summation of all partial volume 
ratios of the ventricle parts stiltipLied by the 
actuaL pixvt size and slice thickness yields the 
Dost correct volume estimation of the ventricular 


uy&terc. 


pvr 


HU-valuo 

z bt&in 


cat 


ICO % 


nu 


The main problem in this procedure in the correct 
estimation of the typical Hu-values for brain, 
gbrain, rtr .d cerebrospinal fluid, 7,csf. The result 
of volume determination for the recognized ventri¬ 
cles In Fig. 2a is given It Fig.5 


The recognition of the ventricle parts per slice 
and per sequence allows for further analysis of the 
ventricular system. The characteristic descriptors 
of the ventricular system, e.g, occurren.ee/non- 
occurronce, symmetry, ^hapa ar.d position, are im¬ 
portant indicators for the presence of stxra patho¬ 
logic disorders on the slice and may give helpful 
in forma tier, to tho physician for diagnosis) end 
therapy. Fesults from the ventricle recognition 
like litafcmnent* on absence, size, positional shift¬ 
ing and structural asymmetry of the ventricle parts 
may serve as a priori knowledge to be input to on 
inage analysis precederc for detection ot pathologic 
processes. Such a procedure will bo included in a 
future version of the COMPACT software system and 
will ooEur-icate with a data baEu describi ng patho- 
logic processes in detail. Furthermore, global And 
local parameters on the hemispheric HU-value distri¬ 
bution car, be computed (Jikn textural features) for 
determining hemispheric asymmetries to aid in the 
search for probable pathologic processes. 

Verification of the ventricular volume determina¬ 
tion requires much effort and work in this direction 
is still in progress . The heads of 10 bodies 
were scanned £by Dr-used.5.Lange , formerly Depart¬ 
ment of Ccmputed Tomography, KLinLkum Charlottert- 
burg, Free university of Berlin), the brains were 
then removed from the skull and sliced into 2 ttn 
layers. A planaastric evaluation of the ventricles 
per layer yields a fairly exact estimate of the 
volume which has to be corrected because of some 
changes in the brain tissue (density, volume) due 
to death, freezing-in the whole body and fixation 
before slicing* Subsequently, the correlation between 
the volume computed by automated analysis of the 
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toiioq rains to the volume evaluated by Biftnual plana- 
motry can be determined {for details see 7 ). 

The time required for volume determination Of the 
ventricular system depend* on Llie luurber end the 
size of the ventricle ports per slice and in for 
one sequence with £i tomograms Lees than 12 aconds 
CPU '-line. 

4. Computer Graphics 

computer Graphics (CG) has established itself as a 
powerful tool for three-dimensional reconstruction 
and display of Cl' scans* Although 3-D teconstruct !oa 
is not a traditional CG technique it can make ex¬ 
tensive use of graphic oriented data structures and 
is thorafora discussed conveniently as part of CG. 
3-E display techniques, however r have a long tradi¬ 
tion In CO ami many of these techniques may there¬ 
fore be applied to CT problems* 

Perhaps the first system with CG capabilities was 
demonstrated by Marietta and Huang in 1976 1 , con¬ 
tourlines in a €T-siiee are defined manually using 
n light flpnt controlled by 4 joystick* Invisible 
parts of this contourline {when observed from a 
giver, viewpoint] are then nasked out and followed 
by a dofirtiticn of polygons between adjacent cbn- 
tourlines, This type of masking mokes an expensive 
hidden surface algorithm unnecessary* Hamial input 
of contourlines and the inability of the system to 
display concave objects (caused by restriction of 
one contour Li no per CT-aiite} arc, bwowtj a defi¬ 
nite disadvantage. 

Serai automatic extraction of con tourlines in CT’s 
employing manual error correction has been Implemen¬ 
ted by Sungenoff and Greenberg in 197U* 3 . h-splinti 
and Cardinal-spline techniques are used for smooth 
surface reconstruction* The quality of the picture 
appears to be excellent and Is made ever, inoreattrac¬ 
tive through transparent display of the skull, ifot 
«o advantageous is th* strong dt>pcn?4am» on interpo¬ 
lation between adjacent contourlines. The contour- 
lines of the 8 CT-slices used, for example, for the 
reoomatruction of the ventricular system may there- 
fore veil suppress important anatomical detail* 

A system not based on "stacking" was introduced by 
Herman and Liu in 1377 Surfaces of three- 

dimensional objects are directly represented in a 
three-dimensional matrix by the exterior faces of 
the boundary voxels. Because voxel faces are of 
equal size and are norital to the axes of a three- 
dimensional Euclidean Coordinate system,the hidden 
surface and stacking algorithms can be kept simple 
and fast 1 *** 

All methods so far considered, however, do not take 
account of the shape of objects within the 8-13 am 
thickness of the CT-sIice* 

3-D Reconstruction 

In Uie COMPACT system three-dinsnsional reconstruc¬ 
tion of objects is also carried out within the CT- 
slice 1 '* Input to the reconstruction process con¬ 
sists of the pvr-values and a suitable hierarchical 
data structure. Both are supplied by the ventricular 


recognition moduli:* Reconstruct ion is then based on 
the foilowing threa steps; 

1. Search for object regions which show contiguity 
between adjacent CT-slimes, 

3. Determination of the probable spatial or Lentadon 
of the pvr-part within a slice* 

3. Definition of the contourllnea of the object in 
n jHibslices for each CT-fll±ce* 

The first process is based on the assumption t that 
if two voxels of the same object but From adjacent 
slices share a common faoBptboir content form a 
continuous column of tissue or CSF. 

In the second step the pvr-value dependent align- 
oent takes place, that is a shifting of the respec¬ 
tive tissue or CSF to tbe superior or inferior 
boundary of the slice or tendering it on Che middle 
of th* ftlime. Although satisfactory results are ob¬ 
tained using this method for alignment* usage of a 
priori information from anatomic inode Is of the brain 
is currently being considered. 

Finally,eachCT**sLice is partitioned into n subslices 
allowing the correspanding contour lines of the ob¬ 
ject to he defined (similar to the convontionai 
M stacking*’ approach!* Dependent on the site and 
or ion tat Lon of the pvr-valuea ocroc siuhvoxeia of a 
voxel are positioned inside, others are outside of 
the object to te reconstrueted. The centre points 
of the subvoxel faces belonging to the surface of 
the object serve as points for the object contour 
line (Figs*6a-6h). 

3-D Display 

Basically’, there are two types of display represen¬ 
tations for 3-D Objects, they are; 

1. wire framed drawings, 

2, shaded pictures. 

To aid the human visual system in depth perception 
thetfv display representation a can be combined with 
one or several depth cues, e*g, 

1) visibility (hidden line/surface removal] 

2] intensity cues 
3} perspective 

4) stereoscopic views 

5) kinetic depth effect (rotation, motion) 

6) shadowing 

7) transparency 

Mot all techniques for depth perception are,however, 
of use for 3-D display of chjeeta reconstructed from 
CT-scaiJS* For example, perspective and shadowing 
technique* are of little assistance in the repre¬ 
sentation of anatoolcal structures. Other methods, 
e.g. kinetic depth effects or stereoscopic views, 
require special technical backup and may therefore 
not always be easily implemented. 

The algorithms for 3~D display implemented in the 
COMPACT project are wire frame plus hidden line 
renewal and wire fraaw plus kinetic depth effect 
through real-time rotation. Beth display facilities 
are implemented on a vector display (Fig.7). 

Further algorithms for the goneration of shaded 


346 






5.1 Applications of Picture Processing 


341 


pictures on a raster display (GEXiSco) are in the 
process of being La^leatentud. One algorithm is bo sea 
on the method of polygonal definition between ad¬ 
jacent contour lines followed by hidden surface re- 
ffloval and shading. Mapping and branching problems, 
however* may arise between adjacent contour lines 
and may defy a solution by automatic methods, ft 
promising approach to this problem* although re- 
utriettsd to a certain class of contour lines, is 
the algorithm suggested by Christiansen and Seder- 
berg*®. This algorithm and the method which has 
been described by Harman and Liu are being ifivestl* 
gated in the COMPACT project. 


5. A Network of Medical Work Stations 

The following is 3 brief summary of the process¬ 
ing facilities which a d 1 atrlbuted ms system should 
provide. It is assumed that oil internal information 
in the system is represented in digital form. 

Medical Work Station (MW5) 

As ah own in Fig.B the coaln software component6 of a 
ms ares 

a) word processing 

c.g* input and editing of constrained and free 
format text, searching, scrolling , and panning of 
text Cor patient history taking 

bj Signal and image processing 

e.g. preprocessing, segmentation and pattern 
recognition of one- and two-dimensional data of 
ancillary investigations 

CJ Graphics 

u„g. graphic display of cne-dtDeneioiial signals r 
two-dimensional images and reconstructed three- 
dinjensLonal objects 

c) Coiioiiunicat ions 

e*g. transmission of voice, taxt, picture and 
graphic data, filing of (voice), text, picture 
and graphic data, hardcopy, command language 
in terpre ration 

For the system being developed at the Inatitut ftir 
Technisehe Informatlk, facilities at the MWS arc at 
first limited to the processing and representation 
of electro-encephalograms (EEC), magneto-encephaio- 
yrams (MEG) , and ot cootputed tomograms. 

wetwort 

A ring communication facility of the type shown in 
Fig.9 is very attractive for interconnecting WS on 
a restricted site allowing high bandwidth with very 
simple control. Craomunication of a ms to resources 
outside the Local ring network may be achieved 
through Bicroprocasuor controlled bridges or gate¬ 
ways to other rings or global network facilities* 
Thus* possibilities, however, shall not be considled 
further in this paper, the interested reader is re¬ 
ferred to 19,20,21, 
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Ring 

ft) Local network facilities 

e.g. graduated (incremental) work stations with 
resource sharing, process to process toofoiLUni ca¬ 
tion, concurrent transceiving, information secu¬ 
rity, conferencing modo 

b) Global network facilities 

e.g. bridge and gateway controls 

Contra! to this set of facilities is the interactive 
command language interpreter which controls the 
user interface with the system as shown in Fig. @ 
rtu main design features are: 

1. common syntax of driving commands for word, sig¬ 
nal, image, graphics, and communication processing 

2. Syntax nr.d semantics as much as possible in line 
with "jssedical thinking" 

3. Menu Implementation 

4* user oriented software <u,g,"sympathetic soft¬ 
ware 

Fig. 10 shows the data flow for the processing of 
computed tomograms between the Bain software mod¬ 
ules of an idealised HtfSf, wot all facilities may be 
offored at every MWS. however, the cenraand language 
iotarprotor for driving modules wiLl always be 
present, 

ft. Contusion and Aims 


Although the technical capabilities so far discus¬ 
sed can be used for effectively demonstrating the 
potential of a MWS system, its real impact on the 
medical community will depend on Its clinical 
efficacy. 

Olinicai efficacy addresses itself to the question 
of assessing the impact of a technique an diagnostic 
and therapeutic procedures. As regards signal and 
image processing for computed tomography and follow¬ 
ing 3 definition of diagnostic impact given by the 
Institute of Medicine^ to state that 

the extent to which CT ecan information has com to 
replace other diagnostic procedures including diag¬ 
nostic imaging, surgical exploration and biopsy, it 
has proved itself to ha efficacious. For many dis¬ 
ease patterns it has become the primary diagnostic 
tool. 

Many other sources of information, however, apart 
from CT scans, must be considered for neurological 
disorders in the process af differential diagnosis 
and therapy. That i£, information from the patients 
history, examinations and other ancillary investi¬ 
gations must be integrated with CT images, A NkS 
for a particular clinical discipline such as neurol¬ 
ogy provides a physician with a means to vertically 
Integrate this Information into a MR. 

rn the patient-physician consulting mode a MtfS sys¬ 
tem may promote a shift in the physician's way of 
working freo patient data evaluation towards patient 
data gathering and structuring* In the physician- 
physician conferencing mode emphasis may then bo 
given to patient data evaluation. Clinical efficacy 
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of a MWS system will be achieved when this potential 
of the two working modes are properly realized. 

With this in »Ind a prototype syatwiu is beinc; de¬ 
veloped by the COMPACT group of the Technical uni¬ 
versity of Berlin, Soma rather wneouraging results 
in the area of automatic recognition of the ven¬ 
tricular system and other CSF containing cavities 
as well as ventricular volume d=t«mlfsatiori and 
3-D display have already been obtained* 

For networking,initially only two workstations will 
be linked through a > 10 Mb:L/sec communication 
medium organised esi a ring network- It is expected 
that this minT_ni3ifi sya t<sa will eventually be in¬ 
stalled in a clinical environment so to allow 
acme experience to be gained Ob the impact of this 
technique on diagnostic and therapeutic procedures, 

Actnowle^eimjn I: 

The authors gratefully Acknowledge the advice given 
by S*Lange and FUTraupe {Free University,aerl in) on 
questions relating to the clinical efficacy of the 
syatem and by Q.Graf vdn Keyesrlingk CDep.df Anatomy, 
RWTH hachert i on problem^ coneming nputroanatoniy. 

■Hie canpletlofi of the 1-D display facility v*ts very 
dependent on the work of M.Engelhom whose partici¬ 
pation m the project we greatly appreciate* 
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Figures La - if: Computed tcaiograas of one from 10 skulls 
| ly prepared for this exp* risent 
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Figure Bs Software components of the MW5 



Figure 9: Ring communication for tws 
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Figlare lO; Data flow for the processing 
of computed toifiograms 
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5.2 An All-digital Nuclear Medicine Department 


Gerald M. Kolodny 


Gerald M. Kolodny was born in Boston, Massachusetts. In 1958 he got his BA at 
Harvard College and his MD from Northwestern University School of Medicine in 
1962. He took his postdoctoral training as Intern in Medicine, Stanford University 
Hospital (1962-1963) and became resident in Radiology at the Massachusetts 
General Hospital (1963-1966). He started his Research Fellowships at Oak Ridge 
Institute of Nuclear Studies at the US Atomic Energy Commission, Oak Ridge, 
Tennessee (1964), became postdoctoral fellow at the Department of Biology, 
Massachusetts Institute of Technology (1966-1969) and Fulbright Senior Faculty 
Scholar, Department of Genetics, Hebrew University, Jerusalem (1991-1994). In 
1969 Kolodny was appointed Instructor (1972-1975), later Assistant Professor in 
Radiology (1972-1975) and in 1975 Associate Professor of Radiology at Harvard 
Medical School. He had hospital appointments at Massachusetts General Hospital 
(1969-1979), the Beth Israel Hospital (1979-1996) and the Beth Israel Deaconess 
Medical Center from 1996. 

His major research efforts have focused on the application of computers in ra¬ 
diology. After analyzing delays in radiology reporting, he described a solution to 
this serious problem based on rapid access to dictated radiology reports via tele¬ 
phone (RTAS). With the assistance of a USPHS grant and help from a local compa¬ 
ny, the first RTAS system was installed and evaluated. 

In 1981, the Division of Nuclear Medicine became the first to implement telera¬ 
diology on a routine basis for reading radiology studies when on call, and to send 
studies from remote sites for interpretation. From this early experience, he next 
proceeded to be the first to construct in the division of nuclear medicine, a com¬ 
pletely all digital imaging department. By 1986, film was no longer used to display, 
interpret or archive studies. This involved new approaches to backup, security, dis¬ 
play, archiving and transmission of images. In 1995, he and his colleagues were the 
first to use the internet and cable modems to routinely transmit radiological im¬ 
ages, between hospitals and from hospital to home or cellular phone. Most recent¬ 
ly he has been involved in the design and evaluation of a low-cost PC-based PACS 
applicable to an entire radiology department. In the use of RTAS and PACS, he was 
involved in the earliest efforts to evaluate and document cost effectiveness of our 
technology. 

Kolodny’s major research efforts have been dedicated to computer applications 
in radiology and nuclear medicine. Another area of research has been in the appli¬ 
cation of quantitative SPECT and the use of gallium to monitor treatment re¬ 
sponse in lymphoma. In 1980, the nuclear medicine department was the first to 
use SPECT in routine clinical practice. He published studies on its use for investi¬ 
gating cerebral blood flow using a gamma camera mounted on a tank turret. He 
has been involved for many years in collaborative research with the Department 
of Nuclear Medicine at Rambam Medical Center in Haifa, Israel, which began 
when the director of that department spent a sabbatical in his department. 

He and his colleagues were among of the first to describe simple, clinically ap¬ 
plicable methods to obtain in vivo quantitative tumor uptake of radiopharmaceu¬ 
ticals. They were also among the first to emphasize that clinically relevant doses of 
tumoricidal drugs depend ultimately on uptake in an individual tumor and in the 
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unique patient undergoing treatment, rather than blood levels, administered dose 
or extrapolation from genetically homogeneous tumors in genetically homoge¬ 
neous animal models. Quantitation of labeled drug uptake by quantitative SPECT 
provides a better method to measure tumor uptake of drugs in individual tumors 
in individual patients. Using high-dose Ga-67 imaging and SPECT, they were the 
first to propose that Ga-67 could be used to monitor lymphoma treatment re¬ 
sponse. The use of gallium scanning to monitor lymphoma treatment is now uni¬ 
versally accepted as superior to CT scanning for this purpose. 

Other areas of clinical research that Kolodny has been engaged in include 
labeling of red cells and their use for localization of gastrointestinal bleeding, 
hemangiomas and angiodysplasia, and nuclear cardiology studies. 

Since 1985, Kolodney has been invited on an annual basis as visiting Professor 
at the Department of Nuclear Medicine, Rambam Medical Center, Haifa, Israel. 
From 1993-1997 he was invited to chair sessions or to organize courses in PACS at 
the annual meetings of the society of Nuclear Medicine. His Division of Nuclear 
Medicine was honored in 1999 by the residents of the Department of Radiology 
for the first annual award in “Recognition of the Radiology Department section 
making an Exemplary commitment to Resident Education.” As a result of their ex¬ 
perience in Nuclear Medicine as radiology residents in our department, since 
1996, one resident each year has decided to take a fellowship in nuclear medicine 
with the Harvard Medical School Joint Program in nuclear medicine, and another 
resident has been accepted for 2000. 

Picture courtesy Gerald Kolodny, MD, 2004. 


John Anthony Parker (born 1946) 


Professor John Parker was born on 19 November 1946 in Rockford, Illinois, USA. 
He got his BA in physics from Yale College in 1968 and his MD in 1972 from 
Washington University School of Medicine. In 1983 Parker got his PhD in biomed¬ 
ical engineering from the Massachusetts Institute of Technology. 

He started his postdoctoral training at the Jewish Hospital of St. Louis 
(1972-73) before he became resident at the Peter Bent Brigham Hospital and 
Children’s Hospital Medical Center, Boston, Massachusetts from 1973-76, joining a 
program in Nuclear Medicine. During that time Professor Parker got his first aca¬ 
demic appointment as a clinical fellow in radiology (Nuclear Medicine), at 
Harvard Medical School. In 1974 he became research fellow in radiology (Physics 
Research), at the Massachusetts General Hospital. Here he worked as a radiologist 
(Nuclear Medicine) between 1976-78. 

From 1978-1996 Parker worked as a radiologist at the Nuclear Medicine 
Department at Beth Israel Hospital, Boston, Massachusetts. 1986 he was appointed 
Acting Director of the Department of Magnetic Resonance Imaging, Beth Israel 
Hospital. Since 1996 he is the Director of the Department for Nuclear Medicine at 
the Beth Israel Deaconess Medical Center. In the year 2000 he was appointed 
Associate Director of the Joint Program in Nuclear Medicine Training Program at 
Harvard Medical School. 

1976-1980 he was Instructor in Radiology, at Harvard Medical School and from 
1980-1983 he was appointed Assistant Professor in Radiology (Nuclear Medicine) 
at Beth Israel Hospital, Harvard Medical School. From 1983-89 he was visiting sci¬ 
entist at Francis Bitter National Magnet Laboratory, Massachusetts Institute of 
Technology. In 1983 Parker was appointed Associate Professor of Radiology 
(Nuclear Medicine), Harvard Medical School and Harvard-MIT, Division of 
Health Sciences and Technology. The same year Parker and his group published 
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the first clinical PACS paper from the Nuclear Medicine Department at Beth Israel 
Hospital. A PACS concept was implemented for digital nuclear medicine images 
and integrated with a radiology reporting system and gamma cameras. 

Today Professor Parker’s research is the application of engineering technology 
to Nuclear Medicine, particularly the development of new procedures and meth¬ 
ods. He developed the count-based calculation of left ventricular ejection fraction 
from equilibrium-gated blood pool imaging, a method for regional fractional my¬ 
ocardial oxygen extraction using O-15, an image processing method for assessing 
ocular counter rotation, the use of intracoronary Tl-201 imaging for evaluation of 
thrombolytic therapy for myocardial infarction, a method for simultaneous respi¬ 
ratory and cardiac gated radionuclide ventriculography, a semiquantitative 
method for evaluation of thrombolytic therapy for pulmonary embolism, and the 
first Java program in the radiology literature. He was involved in the use of the 
slant-hole collimator for non-tomographic applications, the development of de- 
convolution analysis for shunt quantitation, development of an all-digital web- 
based nuclear medicine information and picture archiving system, and web-based 
nuclear medicine teaching file. 

Picture courtesy John Parker, PhD, 2004. 
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An All-digital Nuclear Medicine Department 

J. A. Parker, M.D., H. D. Royal, M.D., R. F. Uren, M.D., 0. Front, M.D., J. G. Bliss, B.S., 
M. Rabussi, D. Jansons, M.S., and G. M. Kolodny, M.D. 


An all-digital nuclear medicine department is de¬ 
scribed, Nuclear medicine images are acquired by a 
separate computer interfaced to each camera. The 
digital images are viewed, manipulated, and inter¬ 
preted from remote display stations in an interpreta¬ 
tion area. The interpretation is dictated into a Rapid 
Telephone Access System fFITAS), where the voice is 
digitized and stored. By dialing the patient's identifi¬ 
cation number, the referring physician can hear the 
interpretation over any telephone. The images are 
filed on large storage discs. The digital scans can be 
rapidly and easily accessed for later review by the use 
of several directory programs. This system has 
brought not only efficiency and cost savings, but the 
ability for remote viewing elsewhere in the hospital 
and telephone transmission of nuclear cardiology 
studies from community hospitals for interpretation 
in the digital nuclear medicine department. 

KEY WORDS' Radiology and radiologists, depart¬ 
mental management. Radiology and radiologists, 
design of radiological facilities. Radiology reporting 
systems. Radionuclide imaging, instrumentation 


T YPICALLY, nuclear medicine scans are 
photographed from a cathode ray tube or 
video monitor. The films are developed in an 
automatic processor, and after scan interpreta¬ 
tion they are filed for long-term storage. This 
system of processing scans has several impor¬ 
tant disadvantages. Filmed studies are easily 
misfiled or lost and require increasing space in 
file rooms for storage. A photographed study 
cannot be manipulated to change contrast, gray 
scale, or background, and this often results in 
physician requests to the technologist to repeat 
the images to obtain films of different quality. 
This is also a serious drawback when compar¬ 
ing previous studies with current studies. Stud¬ 
ies acquired in a cine mode, e.g. t gated cardiac 
studies, cannot be stored in this mode, and thus 
comparisons with prior studies are difficult and 

Journal of Digital Imaging , Vol 16, No 1 {March), 2003: pp 5-10 


incomplete. In addition, the cost of silver-based 
film continues to rise because silver is a precious 
metal, while digital storage media, such as 
magnetic media, have been falling in cost. 

Digitally retained images have many advan¬ 
tages over photographically stored images. 
They can easily be manipulated by changing 
background, contrast, and gray scale. Such 
images can be superimposed for comparison 
purposes or displayed and stored in cine format. 
Digital studies can rapidly be accessed from 
storage on large random access discs and dis¬ 
played on video monitors in various locations 
within a nuclear medicine department as well as 
at remote sites within the hospital. This easier 
access to studies can result in a significant sav¬ 
ings of time for physicians who wish to review 
studies. 

Because of the advantages inherent in digital 
storage of nuclear medicine images, proposals 
have been made for future systems that will use 
an all-digital storage framework . 1 We have de¬ 
veloped an all-digital department of nuclear 
medicine, which is currently functioning with 
commercially available equipment and has re- 
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J. A, PARKER ET AL 



Fig 1- Equipment in all-digital department. Each of four gamma cameras is interfaced to a separate computer. Studies are 
examined in the interpretation room using remote video monitors and keyboards interfaced to each computer. Floppy discs are 
used to transfer studies to the display computer where the current week's studies can be displayed. Studies are then transferred 
via floppy disc to a PDP-11 computer and 300-megabyte discs for long-term storage. Alternatively, serial lines can be used to 
transfer studies from each camera computer directly to a PDP-11 computer. 


suited in efficiency in both cost and operation. 
Our all-digital department includes the inter¬ 
pretation and long-term storage of all studies in 
a digital format, the dictation and selective 
telephone retrieval of digitized voice interpre¬ 
tations, and the telephone transmission from 
local community hospitals of digital images for 
processing and interpretation by our staff. 

HARDWARE 

Figure 1 is a schematic representation of the 
hardware for acquisition, display, and storage 
of images in a digital format. We have four 
gamma cameras, each with a dedicated com¬ 
puter. Each computer is connected to a remote 
display within our interpretation room. The 


remote display, which was the subject of a 
previous communication, 2 consists of a video 
monitor, keyboard, and controls (for cine rate, 
background subtract, and window) in parallel 
with the computer monitor, keyboard, and 
controls. When a study is ready for interpreta¬ 
tion the technologist changes a switch, allowing 
manipulation of the images from the remote 
display station. After the images are manipu¬ 
lated and enhanced by the nuclear medicine 
physician at the remote display station to derive 
maximum information, an interpretation is 
dictated into our Rapid Telephone Access Sys¬ 
tem (RTAS). Our referring physicians can then 
call RTAS from any telephone and dial the 
patient’s identification number (LD.) to hear 
our dictated report. 3 
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AN ALL-DIGITAL NUCLEAR MEDICINE DEPARTMENT 


7 


Table 1. Equipment in All-Digital Department 


1. Technicare 410 portable camera (a) Technicare 550 computet 

2. Picker LFOV Dynacamera 4/15 (b) DR1 1000 computer (c) 

3. Technicare LFOV 420 camera (a) Technicare 560 computer 

4. Elscint Digital Apex 415 camera (d) with rotating gantry for ECAT Apex 410 computer 

5. DEC PDP 11/34 computer (e) 

Gamma 11 acquisition and color display 
SMS floppy disc drive (f) 

2 CDC 300 megabyte disc' drives (g) 

MCT disc controller |h) 

TS03 tape drive 
2 RK05 disc drives 

6. DRI 1000 display computer with floppy disc drive and 30 MB Winchester disc tc) 

7. RTAS Radiology Reporting System (i) 

(a) TechnteareCorp., Solon,, OH; (b) Picker International Inc,, Northford, CT; (c) Diagnostic Resources, Inc,, North Boston, NY; (d) 
Elscint Corporation, Brookline, MA; (e) Digital Equipment Corp., Maynard, MA; (f) Scientific Micro Systems, Mountain View, CA; (g) Control 
Data Corp,, Minneapolis, MN; (h) Minicomputer Technology, Palo Alto, CA; (i) Sudbury Systems Inc., Sudbury, MA, 


Table I lists the equipment in our depart¬ 
ment. A central Digital Equipment Corporation 
(DEC) 11/34 computer provides access to cen¬ 
tral storage on two 300-megabyte 1 (MB) discs, 
and is used for more complicated analysis of 
cardiac, renal, or lung studies. 

Each computer has a floppy disc drive and a 
serial line, each of w hich can be used to transfer 
images from that computer to the central mass 
storage or to the DRI computer used for dis¬ 
play of recent studies. The serial line mterpro- 
cessor communications and the floppy disc 
transfer have been the subject of prior re¬ 
ports. 4,5 

The Diagnostic Resources, Inc, (DRI) com¬ 
puter holds about one week’s worth of studies 
on its 30-megabyte Winchester disc. This dis¬ 
play computer is used to show studies to refer¬ 
ring physicians or for conferences. The central 
PDP 11/34 computer is used for long-term 
storage on 300-megabyte discs. The studies can 
be recalled by a directory on the system disc, 

SOFTWARE 

Our central PDP 11/34 computer uses the 
DEC Gamma-11 software under the DEC RT- 
11 operating system. Special programs were 
written to allow us to transfer studies via serial 
line or floppy disc between the Technicare VIP, 
the Elscint Apex, the DRI, and the DEC 


‘One megabyte equals 2 20 or about IQ 6 bytes. 


Gamma-11 computers. 45 Since RT-I1 sup¬ 
ports discs that are less than 32 megabytes, the 
device handler (supplied by Minicomputer 
Technology) has to divide each of the 300- 
megabyte CDC discs into 8 sections of 30 
megabytes (the formatted capacity of the drives 
is 254 megabytes), 

A directory program was written that records 
the locations of all of the studies on all of the 
disc packs. The directory is stored on the sys¬ 
tem’s disc so that it is always available. The 
directory program performs three functions: (a) 
directory initialization, (6) directory updating, 
and (c) directory searching. At the time of ini¬ 
tialization, the user selects the size of the di¬ 
rectory and the data that are to be kept in the 
directory. Any combination of fields from the 
Gamma-11 administrative data block can be 
selected for inclusion in the directory. The fields 
that we have selected are patient name, patient 
number, study type, and study date. In addi¬ 
tion, the name and section of the pack where 
the study is located are stored for each entry. 

Directory updating is simple and reasonably 
error tolerant. Directory searching can be per¬ 
formed on any combination of the stored fields. 
In addition, matching can be performed on a 
combination of substrings within a field. Thus, 
a search could be performed on the last name 
and two digits of the hospital number if that 
was the only information available about the 
patient. The matching entries are displayed for 
the user, who can then select the entry (s)he 
wishes. The program then reports the location 
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of the study and informs the user to mount a 
disc pack if the study is not currently on line- As 
the directory has grown over the last year, some 
operations have slowed. To solve this problem, 
a search algorithm based on B-tree data struc¬ 
tures will be implemented. 6 

Each image of our static studies is acquired in 
a 128 x 128 pixel format, with each pixel con¬ 
taining 16 bits. The number of frames depends 
upon the study. Each view of our dynamic 
studies is acquired as frames of 64 x 64 16-bit 
dements. Our cardiac studies consist of four 
views; dynamic first pass, gated modified left 
anterior oblique (MLAO), anterior, and left 
posterior oblique views. Each view has 28 
frames. 

The 28 frames of each view are compressed to 
a 14-frame playback buffer combining the data 
from pairs of two consecutive frames into a 
playback buffer suitable for cine viewing. The 
original 16 bits per pixel is changed to 4 bits per 
pixel, preserving the 4 most significant bits. The 
playback buffers of the four views are then 
merged into a single 128 x 128 playback buffer 
for simultaneous multiviewing and interpreta¬ 
tion. The original 28-frame data from the 
MLAO view are then used for computer anal¬ 
ysis of ventricular function and wall motion. 
These data are then stored on a 300-megabyte 
disc. 

Periodically, the contents of part of the disc, 
excluding the studies that have been merged 
into cardiac playback buffers, are compressed 
from the original 16 bits per pixel to 8 bits per 
pixel, preserving the 8 most significant bits. This 
compression represents a 2:1 compression for 
the static studies and an overall 4:1 compression 
for the gated cardiac studies. The studies are 
then transferred to a 300-megabyte long-term 
storage disc. 

Backup is an important concept in the all- 
digital department, since disc crashes can occur 
on any of our discs and operator errors may 
occur. Disc crashes have so far been only a 
theoretical possibility, because we have not ex¬ 
perienced a crash during the two years we have 
been using these 300-megabyte discs. Studies 
are transferred from each camera-computer to 
the display computer via floppy disc, where they 
remain for one week. After a week the study is 
transferred to a 300-megabyte disc and a second 
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300-megabyte disc as backup. When the oldest 
section of a disc is compressed and transferred 
to a long-term storage disc, a copy is made on a 
second backup disc. 

REMOTE ACCESS 

Our display computer is also being connected 
via coaxial cable to video monitors and remote 
keyboards in our division of cardiology and our 
department of radiology viewing rooms. Per¬ 
sonnel in these departments will be able to call 
up studies from the past week for their own 
viewing. If they wish to access studies acquired 
more than one week previously, such studies 
will be transferred via floppy disc from a 300- 
megabyte disc on the PDP 11/34 central storage 
computer to the 30-megabyte disc on our dis¬ 
play computer. 

A telephone communications link via mo¬ 
dems has been established with community 
hospitals, which allows them to transfer gated 
cardiac radionuclide ventriculograms to our 
DRI display computer. We analyze these stud¬ 
ies on our computers and dictate our interpre¬ 
tations into our reporting system described 
below. Our transfer program is set to accept 
such studies whenever a telephone call is placed 
to a modem connected to our display computer. 
Further details on this function are found in 
another report. 7 

RTAS REPORTING SYSTEM 

Reports dictated into our RTAS (Rapid 
Telephone Access System) radiology reporting 
system are available over the telephone either 
inside or outside the hospital simply by having 
the referring physician dial the system number 
followed by the patient I.D. 3 The dictated voice 
is digitized, compressed, and stored on a 70- 
mega-byte Winchester disc. Standard or normal 
reports are printed automatically. All other re¬ 
ports are accessed by our transcriptionist for 
hard-copy typing. Physicians whose patients’ 
gated cardiac studies are sent to us for inter¬ 
pretation via telephone can also use RTAS to 
hear the reports on their patients. A transcrip¬ 
tionist in the radiology department at the re¬ 
mote hospital also accesses RTAS via telephone 
to transcribe the dictated report. 
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COST EFFECTIVENESS 

We have found significant cost savings asso¬ 
ciated with digital storage of studies. Photo¬ 
graphed studies have the cost of technologist 
time associated with the taking, developing, 
mounting, and filing of films. There is also the 
cost of the film processor and its chemicals and 
maintenance, and the image formatter and 
camera. In addition, there is the cost of film, 
filing envelopes, and filing space. 

If one analyzes these costs,* photographic 
storage costs about $3.46/study. The cost of 
digital storage of studies can also be derived. 
This includes the depreciation of the disc drive 
and controller, the cost of the disc packs, 
maintenance, and service. If we assume that the 
nuclear medicine department already has a 
computer necessary for routine clinical analysis, 
the cost of digital storage is $ 1,19/study. This 
results in a savings of $2.27/study using digital 
rather than photographic storage. If we were to 
include the depreciation of the DRI display 
computer, remote monitors, and keyboards as 
well, this would amount to about $2.19/study, 
or a savings of SL27 per study. Since our de¬ 
partment does about 6,000 studies per year, this 
results in a savings of up to $13,620 per year. 


DISCUSSION 

We have been able to transform our depart¬ 
ment to all-digital data collection, analysis, and 
archival storage using commercially available 
equipment purchased over a number of years. 
Our referring clinicians have been particularly 
pleased with our all-digital format. Access to 
studies is instantaneous, without time wasted in 
searching through the file room. The ready 
manipulation of the images to contrast and 
highlight abnormalities they now consider es¬ 
sential to appreciate lesions properly on the 
scans. The ability to access an interpretation 
automatically over any telephone has been very 
helpful in making rapid diagnostic decisions. 
Analysis of the RTAS data indicates that over a 
one-month period 52% of all interpretations 
were accessed between 5:00 p m. and 8:00 a.m. 

Several individuals contributed software to 
this development, but the total effort was about 


9 

two man-years. The floppy disc communica¬ 
tion and large archival store that were key to 
this transformation have been in operation 
for two years. We have experienced relatively 
few growing pains and find that our system not 
only provides us an excellent data base for re¬ 
search but also is easy to use on a day-to-day 
basis. 

Putting together our system required us to 
write some special-purpose software to main¬ 
tain a large data base and to communicate be¬ 
tween the systems supplied by several vendors. 
Although one large computer could replace all 
of our microprocessor-based computers as well 
as our central minicomputer, there is the ad¬ 
vantage of redundancy and backup inherent in 
having many stand-alone processors, each of 
which can operate independently in the event of 
a failure in another processor. 

Currently, each of our 300-megabyte discs 
contains all of our studies for three months. If 
we wish to access older studies, we consult the 
directory on the system's disc to locate the disc 
that contains the desired study. It would be far 
more convenient if all studies for the past five 
years were accessible on the same disc. Such a 
disc would have to contain greater than 6 
gigabytes, although further compression of our 
data would decrease the storage requirements, 9 
If nuclear medicine matrix displays become 
routinely 512 x 512 or 1024 x 1024, the storage 
requirements could easily become 25 or 100 
gigabytes. Technology for this may be provided 
by optical digital discs using laser light for re¬ 
cording and playback. Such discs currently 
cannot be erased; however, for archival storage, 
permanent recording is an advantage, not a 
disadvantage. 

We hope that the nuclear medicine vendors 
will provide support for large data bases and for 
standard communications. The advantages of 
an all-digital department, in cost, data manip¬ 
ulation, and easy digital data retrieval, would 
then be provided without the need to write 
special-purpose software. 
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5.3 Digital Radiology at the University of California, 
Los Angeles: A Feasibility Study 


H.K. Huang (born 1939) 


H.K. (Bernie) Huang, was born on 10 October 1939 in Canton, China. He got his BS 
in Meteorology in 1961 from National Taiwan University, his MS in Mathematics 
in 1962 from Kansas State University and his DSc in Applied Mechanics and 
Mathematics in 1972 from George Washington University. Dr. Huang took his 
postdoctoral fellowship in Anatomy and Physiology at Georgetown University in 
1973 and was appointed lecturer at the Department of Physiology Biophysics at 
Georgetown University Medical School (1972-1975). He became Assistant 
Professorial Lecturer at the Department of Engineering Administration, the 
Department of Physiology and Biophysics (1976-1979) and the Department of 
Anatomy and Physiology Georgetown University (1978-1980). In 1982 he was ap¬ 
pointed Professor and Acting Director Medical Physics Division (1982) and Chief 
of the Medical Imaging Division (1984) at the Department of Radiological 
Sciences at the University of California, Los Angeles. He became Member of the 
Jonsson Comprehensive Cancer Center at the University of California, Los 
Angeles. 

In 1992 he was appointed Professor of Radiology and Director of the 
Laboratory for Radiological Informatics at the University of California, San 
Francisco, Visiting Professor, New York Hospital, Cornell Medical Center, N.Y. 
(1997), Guest Professor, Xi’an Jiaotong University, China (1998), Kan Tong Po 
Visiting Professor, Hong Kong Polytechnic University (1999). Since 2000 he has 
been a Professor of Radiology, Children’s Hospital Los Angeles/University of 
Southern California, a Chair Professor of Medical Informatics, Hong Kong 
Polytechnic University (Honorary) and an Honorary Professor, Shanghai Institute 
of Technical Physics, Chinese Academy of Sciences. In 2003 he was appointed 
Professor of Radiology and Biomedical Engineering; Director, Division of 
Imaging Informatics, Department of Radiology, University of Southern 
California, USA; Chair Professor of Medical Informatics. 

Dr. Huang pioneered in picture archiving and communication system (PACS) 
research. He developed the PACS at UCLA in 1991 and the hospital-integrated 
PACS at UCSF in 1995. Dr. Huang has taught at Georgetown University, U Iowa, 
UCLA, UC Berkeley and UC San Francisco, Hong Kong Polytechnic University, 
and the University of Southern California. His current research interest is in digi¬ 
tal mammography, tele-imaging and telemedicine, imaging informatics, fault-tol¬ 
erant PACS servers, PACS ASP models, Internet 2, PACS-based CAD and surgery. 
He has co-authored and authored seven books, published over 200 articles, and 
received several patents. His latest book: “PACS and Imaging Informatics” was re¬ 
cently published by John Wiley & Sons. During the past 15 years, Dr. Huang has re¬ 
ceived over 15 million US dollars in PACS, medical imaging informatics, tele-imag¬ 
ing, and image processing-related research grants and contracts from the US fed¬ 
eral and state governments, and private industry. He has mentored 15 PhD 
students and trained over 30 postdoctoral fellows during the past 15 years. Dr. 
Huang has been a consultant for many hospitals in developing PAC systems 
around the world. 

Dr. Huang was inducted into the Royal College of Radiologists, London as an 
Honorary Fellow for his contribution in PACS research and development in 





5.3 Digital Radiology 


359 


November, 1992; the American Institute of Medical and Biological Engineering as 
a Founding Fellow, for his contribution in medical imaging in March 1993; and the 
Euro PACS Society as an Honorary Member for his contribution to PACS in 
October, 1996; and was elected as the Honorary President, 2003 International 
CARS Congress, London. Dr. Huang has been Visiting Professor in many leading 
universities around the world. 

Picture courtesy Bernie Huang, PhD, 2004. 
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Digital Radiology at the University of California, Los Angeles: 

A Feasibility Study 

H, K. Huang, Zoran Barbaric, Nicholas J. Mankovich, and Charles Moler 


This paper describes a set of feasibility studies on 
converting the Department of Radiological Sciences, 
UCLA from a film based operation to a digital based 
operation. The studies address the following topics: 
the departmental facility, the operating procedure 
and cost a cost effective analysis and a proposed 
digital based operating system. In addition, we ex¬ 
amine three prototype projects being carried out in 
our department. These include: a digital archiving and 
communication system, a hybrid archiving and com¬ 
munication system, and a multiple image viewing 
system. 


INTRODUCTION 

T he concept of a digital or 

ELECTRONIC RADIOLOGY DE¬ 
PARTMENT was discussed as early as 1973. 
However the technology present at that time 
did not make its construction feasible. Now, 
with the increasing numbers of digital based 
diagnostic modalities, the maturity of the field 
of computer based hospital management, and 
the progress in digital electronics and commu¬ 
nication systems, it is necessary to realize this 
concept. 

The purpose of this paper is to summarize a 
study on the feasibility of converting our de¬ 
partment into a digital department. A digital 
radiology department consists of two compo¬ 
nents; a radiology information management 
system and a digital image system. The radiol¬ 
ogy information management system represents 
a problem in data base management which has 
been addressed repeatedly in the past few years 
and will not be considered in this study. De¬ 
velopment of a digital image system requires the 
technology of image acquisition from various 
diagnostic modalities, as well as the develop¬ 


ment of systems of image archiving, communi¬ 
cation, display, and manipulation. Moreover 
the economic aspect must also be considered. In 
the past some studies along this line have been 
performed and the indications favor a digital 
based approach. 2 * 3 In this study we organize the 
analysis into four parts: 

a. Facility study. This part details an inventory 
of the existing major diagnostic equipment 
and the equipment to be added in the next 
two years as well as their distribution in the 
department. 

b. Operating procedure and cost. The daily and 
the monthly operating procedure in our de¬ 
partment is reviewed. A post three-year cost 
breakdown is then given on staff FTE (full- 
time-equivalent), maintenance, operation, 
him, and storage. 

c. Cost effective analysis. A cost effective anal¬ 
ysis on converting our department into dig¬ 
ital is given. 

d. A digital based operating system, Several 
possible systems for converting our depart¬ 
ment into digital are considered. We also 
describe three ongoing prototype subsystems 
being investigated. 


From the Department of Radiological Sciences, Center for 
ihe Health Sciences, University of California Los Angeles, 
Los Angeles, CA , 

Copyright 0 J9S3 by the International Society for Optical 
Engineering . Proc. SPIE 418:259-265, 1983. Reprinted with 
permission. 

Online publication 30 April 2003 
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Fig 1. Organization chart for the Department of Radiological Sciences,, UCLA. 


FACILITY STUDY 

1. The Department of Radiological 
Sciences 

The UCLA Medical Center is a 685 licensed 
bed teaching hospital, and the Department of 
Radiological Sciences occupies about 80,000 
square feet of space. The Department is com¬ 
posed of four divisions: Diagnostic, Nuclear 
Medicine, Biophysics, and Medical Physics. The 
Division of Diagnostic Radiology is patient- 
oriented and is decentralized into ten opera¬ 
tionally independent sections: Neuroradiology ), 
Emergency, Pediatric, Mammography, Chest, 
Musculoskeletal, Cardiovascular, Genitouri¬ 
nary, Ultrasound and Body CT, and Gastro¬ 
intestinal. The Nuclear Medicine Division is 
also patient-oriented and together with the Di¬ 
vision of Biophysics monitors one of the largest 
PET (Positron Emission Tomography) research 
programs in the nation. The Division of Medi¬ 
cal Physics provides the scientific and technical 
resources for the Department and offers M.S. 
and Ph.D, degrees. This division also operates a 
dedicated image processing laboratory. Figure 1 
depicts the structure of the department. 


2. Major Diagnostic Equipment 

An inventory on major diagnostic equipment 
in our department reveals the following: 


2J Existing Equipment 

* ! Fonar QED 83000—3 kgauss permanent 
magnet whole body NMR scanner (being 
installed). 

* 2 CT Scanners 1 GE 8800 (3rd generation)! 
Technicare 1440 (4th generation) 

* 2 PET Scanners! Neuro ECAT—Positron 
Emission Tomographic brain scanner (Or- 
tec)l Ecat III—Positron Emission Tomo¬ 
graphic body scanner (Ortec) 

* 7 Ultrasound units 

* Digital fluoroscopic unit! Philips OVI con¬ 
nected to an angiographic unit! ISOCON 
connected to the GU fluoroscopic unit! 
AD AC DPS-4100S with two cameras and an 
imaging network processing station connect¬ 
ed to a neuro fluoroscopic unit and an an¬ 
giographic unit 

* 1 ADAC-PDX-4800 Projection Digital X-ray 
System 

* 1 Mammographic unit 

* 6 Special procedures application x-ray sys¬ 
tems 

2,2 Equipment Being Ordered 

* 1 Technicare 5-6 Superconducting magnet 
whole body NMR scanner 

* 1 Technicare Digital radiography system (DR 
960-B) connected to an angiographic unit 

* 1 Prototype slit scanning digital chest system 
Figure 2 shows the relative location of this 
equipment in the department 
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Fig 2r Location of diagnostic equipment the image Pro¬ 
cessing Laboratory, and the communication network. 


OPERATING PROCEDURE AND COST 

Conventional diagnostic images obtained 
from either x-ray or other energy sources are 
recorded on films. These films are viewed from 
illuminated viewboxes and later stored in the 
film library for future use. Diagnostic images 
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obtained from digital acquisition systems, for 
example, nuclear medicine, digital ultrasound, 
transmission and emission tomography, digital 
radiography, and nuclear magnetic resonance, 
are first displayed on TV monitors for imme¬ 
diate viewing and then recorded on magnetic 
tapes or disks for archiving. In addition, they 
are also recorded on films as a permanent re¬ 
cord and for future viewing. Since films are 
convenient to use in a clinical setting, clinicians 
prefer to view these digital images as films even 
though this reduces image quality. As a result, 
our department still has to handle films from all 
diagnostic modalities without regard to their 
conventional or digital origin. Because of this, 
we investigate the costs for this film based op¬ 
eration. Table 1 is a three year estimate on the 
number of procedures and film usage in the ten 
diagnostic sections and the nuclear medicine 
division. Table 2 shows the three year estimate 
of the film and film related costs in our de¬ 
partment 

In compiling these tables, we include negative 
preservers, x-ray film jackets, x-ray mailing en¬ 
velopes, x-ray insert envelopes, rental on film 
storage, fleet services for film delivery, and 
miscellaneous supplies such as the film library 
coats, and film processor purchases, film solu¬ 
tions, replacement parts, facilities repairs and 
installations and other miscellaneous supplies 
as the film processor costs. As indicated in the 
tables, each year we perform about 113,000 
procedures and use about 500,000 sheets of 
film. This film based operation costs about 1.5 


Table 1. Three Year Estimate on Number of Procedures and Film Usage 


Section 

Number of Procedures 


Film (Sheets} 



Film (Cost) 


79 80 

€0-81 

81-32 

79-30 

30-SI 

€1-32 

79-00 

80-81 

€1-82 

Nuc Med 




13,500 

11,500 

11,100 

$16,205 

$14,321 

$12,474 

GU 

4,382 

3,849 

4,007 

34,500 

31,875 

31,075 

41,656 

48,269 

47,153 

Feds 

8,873 

8,447 

8,041 

41,850 

33,650 

38,250 

52,198 

54,003 

65,431 

Gl 

5,359 

4,990 

4,984 

64,700 

61,100 

54,700 

78,588 

88,120 

75,544 

Neuro&CT-H 

4,470 

4,457 

4,747 

24,900 

21,500 

28,100 

29,076 

32,250 

40,006 

US&CT-B 

7,227 

8,222 

8,293 

25,100 

35,400 

34,300 

28,972 

31,271 

32,818 

Cardie 

837 

910 

1,396 

25,750 

26,000 

27,050 

42,641 

50,148 

46,353 

General OPD 

19,637 

18,259 

21,890 

124,725 

96,950 

96,950 

155,841 

173,267 

164,563 

General IP 

39,810 

41,432 

35,573 

106,215 

99,330 

95,800 

143,650 

182,770 

154,985 

Mammography 

921 

1,152 

1,257 

4,500 

7,600 

8,100 

4,194 

6,992 

6,890 

Emergency 

26,296 

23,911 

22,884 

74,000 

80,100 

78,900 

94,287 

128,579 

120,042 

TOTAL 

117,812 

115,639 

113,072 

539,740 

505,005 

504,325 

$687,308 

$809,990 

$766,269 
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Table 2. Three Year Estimate of Film and Rim Related Costs 



1979/1980 

1980/19S1 1981/1982 

Film Library 

Indirect Expenses 

Film Processor 

Indirect Expenses 

Personnel: 

Darkroom 

Film Library 

Film-related Cost 

Total 

Film 

Total Costs 

49,350 

25,823 

60,674 

28,867 

135,012* (3,8)** 
371,199 (25,2) 

670,925 

687,308 

$1,358,233 

51,623 45,577 

30,251 25,204 

58,518 86,809 

26,991 26,239 

155,832 (9.1) 171,488 (9,8) 

388,608 (25) 432,524 (24.3) 

711,823 787,841 

809,990 766,269 

$1,521,813 31,554,110 

•Salary and fringe benefits. 
**Full time equivalent (FTE). 



million, about half of it is for films and the 
other half for film related costs. This operation 
requires about 34 FTE of which 70% is dedi¬ 
cated to the film library. The film operation 
requires approximately 2,600 square feet of 
space within the department and an additional 
10.000 square feet for film storage in a satellite 
location. By performing this type analysis, we 
hope to be able to estimate the increased or 
decreased costs associated with a^ digital based 
operation. 

COST EFFECTIVE ANALYSIS 

Based on our study on operating procedure 
and cost we come up with a ten-year cost pro¬ 
jections for a conventional film based and a 
digital based operation in our department. Ta¬ 
ble 3 shows these estimates. 

It is seen from this comparison that we would 
be able to save about four million over a ten year 
span, of about 400,000/year. Two major factors 
contributing to the savings are the reduction in 


Table 3. Ten Year Projection and Cost Comparison Between a Rim Based Operation and a Digital Based Operation* 

Film Based Operation 

In Thousands 

Digital Based Operation 

In Thousands 

Film 

7,000 

Replace conventional 


H 2 0 for the processors 


chest to digital chest 


(60 M gallon @ 10.0/1000 gallon) 

600 

Six units # 500,000 

3,000 

FTE (34)* 

7,000 

Image memory 

1,000 

Processor 

1,000 

TV monitors 1000 unit 

1,000 

Film storage rental 

500 

Terminals 200 unit 

2,000 

Matrix camera purchase 

500 

Analog/Digital storage 

1,000 

Space (equivalent cost) 

2,350 

Communication network 

1,000 

Physicians time lost ($10/hr) 

1,500 



Equipment (x-ray) 

2,000 

Sub Total 

9,000 



Maintenance 10%/yea r fo r ten 




years of equipment cost (9,000) 

We take half of this value. 

4,500 



FTE (15)* 

3,000 



Sub Total 

16,500 



10% of film based operation** 

2,250 

Total 

22,450 

Total 

18,750 


# Excluding digital based equipment purchase. 

**We believe films are still necessary in a digital based operation. 

*We anticipate the FTE qualifications will be the same in both operations. 
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1A) 



Fig 3, A general digital based radiology department operating system. 


film cost and reduction in FTE positions. We 
agree that these cost estimates are not exhaustive 
and are certainly subject to challenge, especially 
when estimating the digital based operation. 
Nevertheless we believe the amount of saving is 
genuine. Moreover, there are benefits in a digital 
based operation which we cannot translate di¬ 
rectly to the dollar amount. These include ease 
of record keeping, no loss of image information, 
and a savings in record retreival time. 

A DIGITAL BASED OPERATING SYSTEM 

With all of these advantages in a digital based 
operation, we have decided to perform some 
preliminary studies on how to change our de¬ 
partment from a film based operation to a 
digital based operation. At the present time we 
perceive that a digital based operation requires 
the components shown in Figure 3. We will not 
discuss the technical aspect of these components 
since they have been discussed elsewhere. In¬ 
stead we will consider the possible combination 
of these components in such an operation. 

A. Image Acquisition 

Image acquisition is a component already in 
existence. It can arise from either a conven¬ 
tional or a digital diagnostic modality. We an¬ 
ticipate the former modality win contribute less 
and less as we move further towards digital. 


EL Image Archiving System 

An image archiving system has three com¬ 
ponents, an image storage device, a mechanism 
of transmitting images from diagnostic modal¬ 
ities to the storage device, and a means of image 
retrieval. 

For digital based modalities, the storage de¬ 
vice can be a very large magnetic disk system, 
an optical disk system, or a digital coded fiche. 
The mechanism of transmitting images could be 
through a digital communication line or a dig¬ 
ital/video broadband communication system 
from the modality to the storage device. 

For conventional x-ray films, the mechanism 
of transmitting images could be a digitizer 
converting the analog image to digital form and 
a communication system which transmits the 
digital information to the storage device, A less 
acceptable method is to reduce the x-ray films 
and store them on microfiche. In this case, the 
image storage device would be a hybrid system. 
The retrieval mechanism is necessary for send¬ 
ing the stored images to the proper viewing site. 
It is relatively straightforward In a digital 
storage device based system but not so simple 
for a hybrid system. 

G. Image Viewing System 

The image viewing system is for displaying 
multiple diagnostic images from the storage 
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device. This system requires a very large image 
memory, a video output control, a powerful 
image processor, and a bank of viewing moni¬ 
tors. 

D. Image Communication System 

The image communication system is for dis¬ 
tributing the images from the viewing system to 
various locations within the department. The 
image viewing system, together with the com¬ 
munication system would replace the conven¬ 
tional x-ray film reading room. 

PROTOTYPE SYSTEMS UNDER 
INVESTIGATION 

Currently we are investigating three proto¬ 
type subsystems: two for picture archiving and 
communication and one for image viewing. 

A. A Digital Archiving and 
Communication System 

A communication and archiving system 
based on the Ethernet communications proto¬ 
col has been designed and is under installation. 
The preliminary communication network will 
connect our dedicated Image Processing Labo¬ 
ratory in the department to two digital fluoro¬ 
scopic units, a projection digital x-ray unit, and 
a CT body unit. This communication system is 
relatively slow and will take from two to four 
seconds to transmit a512x512x8 diagnostic 
image. A parallel system using the broadband 
communication system which combines both 
digital and video communication is being de¬ 
signed. This system can communicate diagnos¬ 
tic images in real time. 

B. A Hybrid Archiving and 
Communication System 

We are collaborating with a manufacturer to 
design a hybrid archiving and communication 
system based on microfiche. Images are re¬ 
corded on microfiche either in analog or in 
digital coded form. The microfiche is stored In a 
carousel for automatic retrieval. Analog images 
can be viewed through an optical reader and 
digital images can be transmitted to a proper 
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digital diagnostic console and viewed from the 
display monitor. 

C. Multiple Image Viewing System 

A four phase research project involving the 
installation of multiple digital image viewing 
stations in our department is being implement¬ 
ed. Each viewing station will be able to display 
and manipulate up to six 512 x 512 radio- 
graphic images simultaneously. The four phases 
of this project are: (1) simulation of a digital 
viewing station at the Image Processing Labo¬ 
ratory, (2) installation of a viewing station at a 
remote diagnostic section, (3) installation of a 
second mobile viewing station, and (4) an 
evaluation of the entire project. The first phase 
of this project has already been completed. 

SUMMARY 

We have described a feasibility study on 
converting our department from a film based 
operation to a digital based operation. In the 
next few years we perceive that all major diag¬ 
nostic equipment in our department will be 
digital based with the exception of conventional 
chest units. It is therefore our goal to look into 
the possibility of changing our operation from 
film based to digital based. The two major cost 
factors in a film based operation are the films 
and FTE positions. A digital based operation 
can keep these two cost factors to a minimum. 
In addition, a digital based operation has the 
advantage of having better record keeping, 
better image information retention, and amount 
to a substantial savings in handling time. 
However, there is an unknown psychological 
factor which is difficult to assess at the moment. 
Namely, would a digital based operation be 
acceptable by physicians. In order to investigate 
this aspect we are in the process of studying 
three prototype subsystems. By developing 
these prototypes in a clinical environment we 
hope to assess the feasibility of fully imple¬ 
menting a digital based radiology department, 

ACKNOWLEDGMENTS 

We wish to thank Mrs. Lois Haas and Ms. Sandy Anglin 
for accumulating the data for Tables l and 2, 



366 


Chapter 5 PACS 


76 

REFERENCES 

1. Capp MP, et al: Photo electronic radiology depart¬ 
ment, Proc SPIE: Digital Radiography, VoL 3 A, 2-8, 1981 

2. Dwyer SJ III S et al: Cost of managing digital diag¬ 
nostic Images for a 614 bed hospital Proc. SPIE: Picture 
Archiving and Communication Systems, VoL 319, 34, 1982 

3. Staab EV, et al: Medical image communication sys¬ 
tem: plan, management and initial experience in prototype 
at the University of North Carolina. Proc, SPIE: Picture 


HUANG ET AL 

Archiving and Communication Systems. VoL 318, 19-22, 

1982 

4. Duerinckx AJ: Picture Archiving and Communication 
Systems (PACS) for Medical Applications, edited. Proc, 
SPIE: Picture Archiving and Communication systems, VoL 
318, 1982 

5, Huang HK, et al: Design and implementation of 
multiple digital viewing stations. Proc, SPIE: Picture 
Archiving and Communications Systems II, May, 22-25, 

1983 



367 


5.4 Assessment of the Integration of HIS/RIS with a PACS 


Betty Ann Levine (born 1959) 


Betty Levine was born November 9,1959 in Glen Cove, New York, USA. She got her 
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Stony Brook in May 1981 and her MS in industrial engineering and operations re¬ 
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cal applications software for large scale helicopter analysis system. 

From 1986-1987 she became scientific programmer and instructor at the 
Department of Radiation Oncology, New England Medical Center, Boston, 
Massachusetts. She worked with physicists to design radiation therapy treatment 
planning and dosimetry calculation software. 

From 1987-1998 she was a scientific programmer within the Department of 
Radiation Medicine, Georgetown University Hospital, Washington, D.C. In 1987 
she also became a principal software engineer within the Department of 
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Medical Systems NA, three interfaces between their Picture Archiving and 
Communication Systems and different Radiology Information Systems (DINS). 
She was also a member of a project team evaluating Digital Imaging Network 
Systems for the U.S. Army Medical Research and Development Command. Her 
other projects included: design and implementation of C language ACR-NEMA 
interfaces between hospital and radiology information systems and a DINS; net¬ 
work modeling and simulation of DINS using Q+ simulation software; develop¬ 
ment of C language programs to reconstruct CT and MRI images from manufac¬ 
turers 4 data format specifications. 

Ms. Levine’s responsibilities included the management of digital imaging relat¬ 
ed projects for the department of radiology. These responsibilities included the 
design, installation, and implementation of digital imaging networks for the radi¬ 
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Assessment of the Integration of a HIS/RIS with a PACS 

Betty A. Levine, Seong K. Mun, Harold FL Benson, and Steven C. Horn 


The exchange of information between a Radiology 
Information System IRIS) and a PACS is essential to 
optimizing the utility of a PACS. Some of the benefits 
awarded by implementing an interface include a re¬ 
duction or elimination of repetitious data entry, the 
availability of more accurate information on the 
PACS, a reduction in workload for the technologists, 
registration clerks, transcriptionists, etc, and the 
availability of more accurate data for automating the 
PACS. This paper discusses the Georgetown experi¬ 
ence of interfacing an HIS/RIS and PACS, by describ¬ 
ing the development of the interface and its impact on 
clinical operations. 

INTRODUCTION 

G eorgetown university medi¬ 
cal CENTER has an integrated patient 
information system solely supported by hospital 
staff. The departments within the hospital 
which are incorporated into the Hospital In¬ 
formation System (HIS) include; Clinical Lab¬ 
oratories, Continuing Medical Education, 
Emergency Room Admissions, Inpatient Ad¬ 
missions, Medical Records, Nursing, Patholo¬ 
gy, Pharmacy, Poison Control Center, Private 
Outpatient and Inpatient Billing and Accounts 
Receivable, Radiology, and Transcription. The 
HIS software is written in MIIS, a dialect of 
MUMPS, and operates on five Data General 
mini-computers with eight 256M disk packs for 
archival storage and twelve 256M magnetic disk 
drives (3.072 gigabytes) of on-line storage. 

The RIS is an integral part of the HIS and 
shares patient registration and order entry 
modules with other systems connected to the 
HIS. Also included in the RIS is a chronological 
index of patient activity, a film jacket tracking 
system, a report generating system, and an 
electronic physician sign-off. The HIS/RIS 
events which produce information required by a 
PACS include the registration of new patients 


into the radiology department (including mod¬ 
ification to patient demographics), the creation 
of new radiology orders, modifications to and 
cancellations of the orders, and the generation 
of radiology reports, from preliminary to ap¬ 
proved status. The Georgetown PACS network 
is based on an AT&T CommView system using 
ACR-NEMA messages to transfer information 
from the HIS/RIS to the PACS. The PACS 
configuration at Georgetown currently supports 
11 imaging devices and 10 workstations. The 
HIS/RIS interface has been in clinical operation 
since June 1989. 


NECESSITY OF INTERFACE 

The importance of an HIS/RIS-PACS inter¬ 
face is evident to any institution employing 
both systems. The overlap of functionality be¬ 
tween the systems (that is, patient registration, 
exam or order entry, and transcription) requires 
that the systems be able to share information as 
a means for eliminating repetitious entry of 
data while maintaining consistent database in¬ 
formation. At the beginning of the Georgetown 
digital imaging network (DINS) project, the 
information available in the HIS/RIS and re¬ 
quired by the PACS w r as manually entered into 
the PACS by technologists, registration clerks, 
etc. As can be expected, this resulted in both 
numerous mistyped data being entered into the 
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PACS and missing data dements. Corrections 
on the HIS/RIS would have to be entered sep¬ 
arately into the PACS and so were usually not 
made. The existence of a link between the HIS/ 
RIS and the PACS virtually eliminates both of 
these problems, resulting in more compatible 
databases. 

Besides the elimination of redundant data 
entry, the implementation of an interface be¬ 
tween the HIS/RIS and the PACS has allowed 
for the development of a more automated, more 
intelligent PACS. Certain HIS/RIS data fields, 
(radiologist, modality, and referring physician) 
and PACS data fields (acquisition station, 
worklist category, and destination) are cur¬ 
rently used by the CommView system for their 
auto-send feature to route exams to worksta¬ 
tions as they are acquired. This works reason¬ 
ably well within the Radiology Department 
where modalities or radiologists tend to use a 
single workstation. Outside of Radiology, it is 
not as easy for the PACS to determine where to 
send the exam. For example, auto-sending ex¬ 
ams to the intensive care wards requires that the 
person capturing the images into the PACS first 
enter the destination of the images into the 
PACS. This is a workable solution although 
quite cumbersome. Information exists within 
most HIS/RIS (e.g., patient location or room 
number) and should be used by the PACS as an 
alternative key to determine to which worksta¬ 
tions exams are to be routed. The auto-send 
feature available on CommView could be en¬ 
hanced if this piece of information, currently 
available in an HIS/RIS, were used. 

A thorough understanding of both systems’ 
databases, of how information is stored, sent, 
and acquired, and of the functional overlap 
between the systems is crucial from the begin¬ 
ning of the interface design. In developing 
Georgetown’s HIS/RIS-PACS interface, many 
conceptual, technical, and operational problems 
arose which were not evident at the start of the 
interface design. These issues, along with spe¬ 
cifics about the Georgetown interface, will be 
discussed in the following sections. 

TECHNICAL INTERFACE 

Embarking on the development of an HIS/ 
RIS-PACS interface requires a technical defi- 
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nition of the data format, communications 
protocols, and physical communications links, 
as well as an operational specification explain¬ 
ing what triggers the data transfer. All discus¬ 
sions in this section will assume an interface 
similar to the one existing at Georgetown, with 
data flowing uni-directionally from the HIS/ 
RIS to the PACS. 

Having a standard for transferring data, like 
ACR-NEMA, makes the interface design much 
simpler and more robust The ACR-NEMA 
standard in its current form specifies a physical 
link as well as logical structure for connecting 
imaging equipment from different manufactur¬ 
ers for transferring image and text data. 
Working group VIII (WG VIII) of the ACR- 
NEMA Standards Committee is working on an 
extension to the original standard to define the 
transfer of information between an HIS/RIS 
and a PACS. This extension will define only the 
logical layers while maintaining the data for¬ 
mats of the current ACR-NEMA standard and 
expanding the already extensive data dictio¬ 
nary. The AT&T CommView system interface 
specification follows the ACR-NEMA format 
for receiving information from an HIS/RIS, 
however, it does contain extensions to the cur¬ 
rent standard. A Hexadecimal representation of 
an acceptable HIS/RIS-CommView message is 
shown in Fig. 1. Our HIS/RIS does not produce 
data for transmission in an ACR-NEMA for¬ 
mat, thus requiring a gateway (an AT&T 6310 
PC is used) between the two systems to generate 
ACR-NEMA formatted data from the HIS/ 
RIS ASCII data. The HIS/RIS at Georgetown 
passes exam information to the PACS as shown 
in Fig. 2a, but passes report information as 
shown in Fig. 2b. 

Similarly, the specified communications pro¬ 
tocols for the PACS side of the interface are 
different from those defined by our HIS/RIS. 
The AT&T specification requires binary data 
sent over direct RS-232 lines using the KERMIT 
communications protocols, whereas our HIS/ 
RIS sends ASCII data across a SYTEK network 
using the FTERM commnnications package 
which does not allow for KERMIT protocols. 
Again our converter box acts as a gateway for 
passing the data between the systems. 

The use of a third computer system as a 
gateway between the HIS/RIS and PACS Is a 
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0000 0000 0000 0004 0000 0064 

0000 0001 0000 0004 0000 Olce 

0000 0010 0000 OOOc 4143 525f 4e45 4d4l 2031 2e30 

0000 0100 0000 0002 0001 

OQOQ 0110 0000 0002 002f 

0000 0200 0000 0004 5249 5320 

0000 0300 0000 OOOS 436f 6d6d 5669 6577 

0000 0700 0000 0002 0000 

0000 0500 0000 0002 9001 

OOCl 0000 0000 0004 0000 00le 

0001 0001 0000 0002 9010 

0001 0003 0000 0002 0000 

0001 0005 0000 0002 0000 

0008 GOOD 0000 0004 OOOO 008c 

OOOS 0001 0000 0004 0000 0134 

OOOS 0010 0000 OOOc 4143 525f 4c45 4d41 2031 2e30 

OOOS 0020 0000 000a 3139 3839 2c30 362e 3037 

OOOS 0030 0000 000a 3032 3a35 303a 3030 2e30 

OOOS 0040 OOOO 0002 9001 

0003 0060 OOOO 0002 5553 

0008 0100 OOOO OOOc 4S4f 592c 4445 424f 5241 4800 

0008 1030 OOOO OQOe 5553 2041 4244 2044 4f50 504c 4552 

OOOS 1070 OOOO 0002 5646 

0009 OOOO OOOO 0004 OOOO 0042 

0009 1001 OOOO OOOc 2033 3733 3332 3533 2e32 3039 

0009 lOOd OOOO 001c 5345 5645 5245 2052 4553 5049 5241 544f 5259 2044 4953 5452 4553 5300 
0009 1011 OOOO 0002 4920 
Q010 OOOO OOOO 0004 OOOO 0040 

0010 0010 OOOO OOOc 4241 4b45 522c 4cJ41 5454 4845 5700 

0010 0020 OOOO 0006 3735 3137 3731 

0010 0030 OOOO 000a 3139 3S39 2e30 352e 3139 

0010 0040 0000 0002 4d2G 

4201 OOOO 0000 0004 OOOO OOOe 

4201 1010 OOOO 0006 4344 2c49 434e 


Fig 1. Hexadecimal representation of acceptable HIS/RIS-PACS transaction. 


satisfactory solution, but not without its prob¬ 
lems. Mainly, the question remains as to which 
system, either HIS/RIS or PACS, maintains 
responsibility for the data after it leaves the 
HIS/RIS and before it enters the PACS. If data 
was passed directly to the PACS, then respon¬ 
sibility for the accuracy of the data would be 
more evident. The need for user intervention 
increases when the systems are not directly 
connected and only one-way communication is 
permitted. An operator must check log files and 
determine the appropriate action when trans¬ 
actions are not handled as expected on the 
PACS. 

Defining the physical and technical parame¬ 
ters for passing information may require nego¬ 
tiations with both the HIS/RIS and PACS 
vendors. The goal of these negotiations is to 
develop one specification acceptable to both 
parties. However, in reality the two interface 
specifications are often quite different. The 
amount of work required to pass information 
between systems varies depending upon the 
similarity of their file formats, transmission 
parameters, and communications media. 


APPLICATION 

The logical relationship between transactions 
which occur on the HIS/RIS and their coun¬ 
terparts on the PACS is not so straightforward. 
Determining which actions will trigger data to 
be passed to the PACS is specific to the HIS/ 
RIS. For a very robust HIS/RIS system, many 
actions may have a similar effect on the PACS. 
The HIS/RIS transactions for registering pa¬ 
tients and updating their demographics, creat¬ 
ing, modifying, and canceling radiology exams 
and orders, and creating, updating, and deleting 
radiology reports all produce information 
needed by the PACS. 

The Georgetown integration effort began 
with the transfer of order entry information 
from the HIS/RIS to the PACS. The initial goal 
was to bring signed reports to the PACS as 
quickly as possible. In order to bring reports to 
the PACS directly from the HIS/RIS, the order 
data in the PACS must be exactly as it appears 
in the HIS/RIS. Therefore, initial efforts fo¬ 
cused on sending all exam data to the PACS as 
it was entered into the HIS/RIS, including the 
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O;A;0; 

D0;04;Doe,J;M;05/19/89;6;69119;;M8500H;777777;;694513;;01;26;;;;;;;PED/NEO;;;8;01 
D l;HOY,DEBORAH;SEVERE RESPIRATORY DISTRESS;00.0;;39;;;;;;;;;;1 
O0;9;3733253;;2688;423937293;;69129;;;-261;HOY,D;CD,ICN;;;;69129;;;;;;69129;;125 
02 ; 

O6;;;;CW,RAD;423957443;VF,RAD;423937260 

O7;209;US ABD DOPPLER;;6377„,„„„;69I29;;;;2:50 PM;VF;69129;3:50 PM 
07;217;US KIDNEY BIL;1;C7005;D;; 

a 


Fig 2a. Example of an HIS exam message. 


T;A;0 

2688;21G 

PATIENT: Doe, Jane MR UN: 777777 AGE: 2M PAGE: 7 

ORDER #; 4241886 ACC#: 772343 DR: HOY,DEBORAH 
ORDER DR: HOY t DEBORAH 
SERVICE: 12/18/89 RAD #: 

DICTATED BY: GARRA,BRIAN S 

EXAM(S): 1) US BRAIN PEDS 

HISTORY: 

FOLLOW UP ON IVH PREMATURITY 

US. BRAIN SCAN, NEONATAL CPT: 76506 ACR: 

Scans of the head through the anterior fontanelle show no ventricular dilatation or hemorrhages. No definite 
parenchymal abnormalities- A wedge-shaped echogenic region near the inner hemispheric fissure probably 
represents an obliquely running sulcus- 

IMPRESSION: 

NO VENTRICULAR DILATATION OR HEMORRHAGES, 

BG/laa 

12/I9/S9 9:56 AM 

SIGNED BY: BRIAN S GARRA, MD 

12/20/89 3:22 PM 

b 


Fig 2b, Example of an HIS report message. 


creation of new exam orders as well as the 
modifications to and cancellations of existing 
orders. Data from November and December 
1989 was accumulated and analyzed to deter¬ 
mine the average number of transactions com¬ 
ing across the interface daily- The results are 
presented in Table 1. Overall, an average of 156 
exam transactions are transferred to the PACS 
per day, with 198 transactions per day on av¬ 
erage during the week and 67 transactions per 
day on weekends or holidays. These numbers 


are broken down by exam transaction type in 
Table 1. 

One problem that has been avoided is the 
receipt of an add exam transaction for a patient 
not currently in the PACS database. The 
Comm View system will first add the patient to 
the database before processing the add exam 
transaction- The obvious benefit of the 
CommView system handling this type of re¬ 
quest is a reduction in the number of transac¬ 
tions sent across the interface. This is important 
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Table 1, Average Number of Exam Transactions 




Exam Transaction Type 



Add 

Cancel 

Edit 

Total 

Weekdays 

Weekends 

90 

9 

99 

198 

& holidays 

37 

4 

29 

67 

Daily 

73 

& 

76 

157 


for a system like that at Georgetown in which 
the RIS is a subset of a larger HIS and shares 
the same patient registration system with the 
rest of the hospital. The number of add patient 
requests which would come to the PACS each 
day, for patients not in the Radiology Depart¬ 
ment, would be prohibitive. 

The most common problem seen at George¬ 
town with transferring exam transactions has 
been the mismatch of patient names between 
the systems thereby resulting in a PACS error. 
This is caused by errors in the initial entry of the 
patient name, or a newborn initially being re¬ 
corded as Babyboy or Babygirl and named 
later. When the change is made imhe HIS/RIS, 
that change is not captured in the PACS. In 
retrospect, the details for doing this should have 
been worked out as soon as exam transactions 
began coming across the interface. However, if 
every modification to patient demographics is 
sent to the PACS, since there is no easy method 
of determining from the registration system 
whether a patient has radiology exams on the 
PACS, this would result in a large number of 
unnecessary transactions. Any method for cor¬ 
rectly limiting the transactions sent across the 
interface is desirable. To limit the passing of 
patient modification requests, the proposal is to 
have the PACS modify the patient demo¬ 
graphics based on the exam or transcription 
requests received from the HIS/RIS. This may 
raise liability issues, but the specifics could be 
worked out, especially for hospitals with a sin¬ 
gle patient registration system used by both an 
HIS and a RIS. Compatibility between the two 
systems is the highest priority. 

Limiting the number of transactions across 
the interface is important because of the ex¬ 
pected volume. Filtering the information from 
the HIS/RIS is designed to capture only infor- 
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mation that is deemed necessary on the PACS. 
The two criteria used at Georgetown are based 
on the imaging modality referenced and the 
patient location. If a transaction from the HIS/ 
RIS references either a modality known to be 
on the network, or a patient unit which has a 
workstation, that transaction is accepted. 
Otherwise, while not rejected, it is not processed 
further. 

Another possibility for limiting transactions 
across an interface is to limit the transferring of 
transcription data to signed reports only. As 
long as a one-way interface exists between an 
HIS/RIS and a PACS, only approved reports 
need to appear on the PACS. This will increase 
the time lag between matching report data to 
exam information, but should drastically reduce 
the number of transactions sent across the net¬ 
work. This time lag, caused by sending only 
approved reports, may cause further problems 
depending on the amount of on-line storage of 
the system. If exams are archived before the 
reports are sent to the system, this will currently 
result in an error and the report not being 
matched to the exam. The exam must first be 
restored and the report transaction retransmit¬ 
ted to match the information. This problem can 
be solved by increasing local storage, rethinking 
archiving criteria, or modifying the CommView 
software to restore these exams automatically, 
to connect the reports with them, and archive 
the new information. 

Operational issues surrounding the trans¬ 
mission of exam transactions cause integrity 
problems between the two databases since 
modifications to and cancellations of existing 
orders take place at many different places 
within our HIS/RIS and are usually done after 
the study is complete and the images are ac¬ 
quired into the PACS, This generates confusion 
on the PACS and results in an error causing the 
databases to become incompatible. This type of 
operational problem Is common among the 
modalities connected to the PACS and may 
require some changes either in the operations of 
the department or modifications of allowable 
transactions on the PACS. This issue was dis¬ 
cussed with technologists, radiology adminis¬ 
trators, and radiologists in order to determine 
an acceptable solution. Due to the constraints 
of a one-way interface, confirmation of the ex- 
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ams cannot be done on the PACS and returned 
to the HIS/RIS. 

Because of these operational issues, the initial 
goal was modified to be the transfer of exam 
information to the PACS to aid in acquisition 
and review while maintaining HIS/RIS and 
PACS compatibility. One way to obtain this 
goal is to insist that technologists confirm pro¬ 
cedures or modify the information on the HIS/ 
RIS prior to the start of the exam. This is not 
acceptable at Georgetown since HIS/RIS ter¬ 
minals are not always convenient to the scan¬ 
ning areas. Another solution would be to allow 
the technologist to easily modify the informa¬ 
tion on the PACS, select the appropriate study 
and change the information that arrived from 
the HIS/RIS. This may reduce some problems 
but could cause others. The modifications 
would need to be controlled by the PACS in a 
method that would maintain compatibility 
with the HIS/RIS, for example selection of 
appropriate exam names and descriptions 
from a predefined list as opposed to freehand 
editing. 

Matching information on the RIS to similar 
information on the PACS Is not always easy. 
The Georgetown RIS allows radiology orders 
to contain multiple exams for a single modality. 
This results in a unique order number on the 
HIS/RIS for all exams in the order and not for 
the individual exams. The Comm View system, 
however, does not permit multiple exam orders 
and requires each exam be handled indepen¬ 
dently with an exam number unique to the 
PACS. The two ways of dealing with this are 
either to separate the HIS/RIS orders into in¬ 
dividual exams when sending them to the PACS 
or to treat all the exams on an order as a single 
exam. Both of these solutions have their bene¬ 
fits and problems for acquisition, primary di¬ 
agnosis, and general review. 

Creating unique exam identifiers for each 
exam in an order creates more work for the 
technologists. It requires them to end acquisi¬ 
tion on the PACS and start a new exam while 
scanning the patient or filming the images. 
However, it is not always apparent where one 
exam ends and the next begins. Also it is 
sometimes necessary to re-scan an area to take 
additional slices. It does not appear that this 
issue will be resolved with the installation of 
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digital interfaces to the imaging devices. With 
the current digital interface available to us in 
MR, images can be assigned different exam IDs 
but this requires that the technologist enter the 
image numbers and corresponding exam ID 
into a terminal before the images are acquired 
into the PACS. 

This separation of the exams makes sense 
from the perspective of a radiologist or a re¬ 
ferring physician. It will be easier to find the 
correct images if the exam procedures are spe¬ 
cific to a type of study. For instance, if a phy¬ 
sician is seeking an old chest exam on a patient, 
the exam should be clearly marked by proce¬ 
dure description, date, and time. 

The other possibility for handling HIS/RIS 
orders is as a single exam. This solution is 
considered feasible only if one radiologist 
reads all the exams on the original order. This 
reduces the work load of the technologists 
since they would not be required to stop and 
start individual exams as they work. However, 
it would require anyone wanting to see one 
exam acquired from an order containing 
multiple exams to retrieve all the images and 
search through them until the desired ones are 
found. If the procedure descriptions could be 
generated to describe properly all the images 
in the study, this solution has its benefits. For 
primary reading, the radiologist only needs to 
pull up one exam, and the technologists would 
benefit as stated above. However, the referring 
physician or radiologist who requests only 
some of the images for comparison would 
receive superfluous information which could 
slow them down. Another potential obstacle is 
the CommView system’s current 175 image 
limit per exam. With an MR study, it is 
highly likely this limit would be exceeded, 
especially if the HIS/RIS orders are not sep¬ 
arated. 

After discussions with technologists and ad¬ 
ministrators, it was realized that technical so¬ 
lutions are not always the best, and changes in 
the operations of the department may be nec¬ 
essary. It was decided to separate the HIS/RIS 
orders and monitor the results to determine the 
problem areas. The number of failed transac¬ 
tions from the HIS/RIS to the PACS, the types 
of transactions failing, and the areas in the de¬ 
partment generating the problems will then be 
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reviewed further. We are prepared to initiate 
changes in the HIS/RIS in order to generate 
more compatible databases. It was decided, 
however, to allow certain exams to be combined 
into one exam on the PACS, in areas where the 
relationship between the studies is sensible and 
would therefore cause little confusion later on. 
The difficulty imposed by dealing with both an 
HIS/RIS which permits multiple exam orders 
and a PACS which does not, is not unique to 
the Georgetown system. Finding an acceptable 
solution requires input from many different 
users of both systems (radiologists, technolo¬ 
gists, administrators) as well as the developers 
of both the HIS/RIS and the PACS. 

Finally, matching HIS/RIS reports to PACS 
exams can be a problem because of the argu¬ 
ments considered above. At Georgetown, re¬ 
ports are generated on the RIS per order, not 
exam. Since we are splitting our orders into 
multiple exams, it was determined that instead 
of separating the report by exam, one report 
would be sent to the Comm View system and 
automatically stored with each exam from the 
original order. This is possible since the exam 
number created for each exam in ah order is a 
concatenation of the original order number and 
an exam identifier unique to the order. For the 
CommView system, the exam identifier is used 
to identify images, exam data, and reports as 
those belonging to a given patient. Therefore, 
the exam identifier is crucial to keeping all this 
information accurate as well as compatible with 
the RIS information. 


ADDITIONAL CAPABILITIES 

In general, HIS/RIS-PACS interfaces are still 
quite primitive and will need to evolve in order 
to approach the level of sophistication required 
to guarantee the compatibility of the databases, 
adapt to new transactions and operational is¬ 
sues, eliminate user intervention, and reduce 
failed transactions. The biggest change will be 
the inception of two-way interfaces and truly 
Integrated workstations capable of accessing 
both the HIS/RIS and PACS databases. This 
would permit maximum access to all necessary 
information when reviewing a case and help 
maintain the integrity of the databases. 
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Until two-way communications or integrated 
workstations are realized, significant advances 
will need to be made to aid in the modification 
of information on the PACS in order to 
guarantee compatibility with the HIS/RIS. One 
way of doing this is to simplify the procedure 
for starting new exams on the same patient 
while acquiring images. A reduction in the 
number of steps required for this process 
would increase the technologists’ use of this 
and w ? ould help the PACS and HIS/RIS da¬ 
tabases be more compatible. Allowing the 
technologist to change procedure descriptions, 
and cancel and add exams easily from the ac¬ 
quisition screens would decrease the number of 
failed transactions on the PACS. This would 
require a confirmation on the PACS that the 
procedure descriptions and other exam related 
information was correct for the exam being 
performed, and thus in concert with what will 
change on the HIS/RIS. One acceptable 
method for doing this is for the system to 
prompt the technologist to on whether the 
exam information is accurate on the PACS, or 
if not correct, to display a menu of allowable 
procedure codes the technologist may choose. 
Then the technologist could enter the exam 
number for the exam being done, and a unique 
exam id comparable to what’s produced on the 
HIS/RIS would be assigned. 

As access to the information within an HIS/ 
RIS increases, the “intelligence” of the PACS 
should improve. The information from an HIS/ 
RIS scheduling module should prompt the 
PACS to restore related exams from the ar¬ 
chive, compile a set of related exams for pri¬ 
mary reading, and send the set to the 
workstation where the radiologist will read 
them. This should all take place during off- 
hours, when system usage is slow, but prior to 
the start of the Radiologist’s review. Other 
functions which would increase the intelligence 
of the system based on HIS/RIS information, 
include a more robust auto-send feature (as 
described earlier) and automatic modifications 
to demographics. 
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Environmental Designs for Reading from Imaging Workstations: 
Ergonomic and Architectural Features 

Steven C. Horii, IVLD., Howard N. Horn, R.A., FJUA, Seong Ki Mun, Ph.D., 

Harold R. Benson, and Robert K. Zeman, M.D. 


Despite the rapid progress made m the electronic 
design of imaging workstations for medicine, much 
less effort has gone into the design of environments 
in which such systems will be used. Based on studies 
of radiologist film reading sessions, considerable time 
wilt be spent working at such viewing systems. If the 
rooms in which the workstations are placed are not 
conducive to comfortable work, it will certainly not 
favor electronic viewing over film reading. In exam¬ 
ining existing reading environments, it is also appar¬ 
ent thait they are not optimum, even for film. Since 
some of the problems for film and electronic viewing 
overlap, such as heat generation (by the alternators, 
viewboxes, or workstation electronics) and glare from 
Light sources, it should be possible to develop solu¬ 
tions which are applicable to both environments or to 
rooms which will feature both viewing systems. This 
paper will discuss some of the approaches to de¬ 
signing environments in which viewing of images is 
supported by the room architecture and engineering 
and not degraded by it. To illustrate these points, a 
design based on the constraint of a real room size and 
available architectural materials will be developed. 


INTRODUCTION 

A t the spie medical imaging 

MEETING last year, we presented a paper 
which examined ergonomic features of radiolo¬ 
gy workstations and reading environments. 1 
Both prior to and since that time, extensive work 
has been done on the design of such worksta¬ 
tions to better suit the tasks which medical im¬ 
aging specialists perform, and to make such 
performance more efficient from human factors 
and productivity viewpoints. 2 " 10 In particular, 
analysis of the work patterns of radiologists' 9 
have been combined with advances in person- 
computer interaction (user interfaces) resulting 
in viewing and reading systems which are far 
ahead of older approaches. 6 810 


In addition to the workstation itself, we also 
examined the environment in which such 
equipment will be used. Unfortunately, aside 
from the paper by Bart ter Haar Romeny et 
al. t u little attention has been given in the 
medical imaging literature to such environ¬ 
mental design. The problem has both architec¬ 
tural and engineering concerns, and requires 
not inconsiderable use of human factors design 
principles. We have had the opportunity to 
work on design of a reading area within the 
Department. This area will support conven¬ 
tional him as well as PACS workstation read¬ 
ing, and will be used by the Abdominal Imaging 
Division. As such, a combination of plain him, 
CT, MRI, and ultrasound cases will be inter¬ 
preted. This new reading room is a renovation 
of an existing space, and so is subject to the 
constraints of existing bearing walls, columns, 
and major ductwork. 

We will examine the design for this space 
with discussion of the principles employed. 


FACTORS IN WORKSPACE DESIGN 

There are two excellent books on designing 
radiology departments, 1213 and both discuss 
some elements of reading room design. Both 
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facility easily accessible to all of these people. 
Rather, since the radiologists are most depen¬ 
dent on the space, some thought should be 
given to optimizing the location of the room for 
access to the areas they need to reach often. In 
the instance of our reading area, it is located 
proximate to the CT rooms, the ultrasound 
laboratory, and the Abdominal Division offices. 
In fact, it is relatively central to these, with CT 
across the north corridor, ultrasound to the 
west side, and the offices south. The MRI fa¬ 
cility is located remotely, owing to the usual 
siting problems of such facilities, but is a short 
walk and elevator ride away* 

In support of the uses of the reading room, 
we need to consider supporting services. Heat¬ 
ing, ventilation, and air conditioning (HVAC), 
electrical power, communications, illumination, 
and acoustic control are typical factors which 
we will include with services* All of these will be 
discussed in more detail in subsequent sections 
of this paper. While all of these are part of the 
environment, electrical power requirements and 
communications systems have less of an im¬ 
mediate impact on bodily comfort than the 
other listed items. Providing these services for a 
workspace requires the coordination of several 
types of designers and contractors. A good ar¬ 
chitect will work with the client and the client’s 
contractors so that the construction proceeds as 
smoothly as possible. In our design stage, we 
have evaluated the services necessary and will 
be proceeding with additional engineering detail 
needed for actual construction. 

At the base of any workspace design, be it 
new or renovation, is the budget allotted for the 
project. This may determine what kinds of so¬ 
lutions to problems can be realistically imple¬ 
mented. Again, a good architect serves the 
client by being able to provide a number of 
possible solutions to any problem, so that an 
optimum design can be achieved for any budget 
level* 

TASKS AND ENVIRONMENT 

The major task to be supported in a reading 
room is the interpretation of medical images* 
However, this consists of a number of smaller 
tasks. A number of these were described in a 
very detailed fashion in the paper by Rogers 
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et ai u and in a more general fashion by Mun et 
aL ]5 Aside from looking at images on alterna¬ 
tors or workstations, a large amount of writing 
is done, results are dictated, and teaching is 
often incorporated into these processes. This 
means that facilities to support these activities 
must be provided, and features of the room 
should not hinder any task to a significant de¬ 
gree, or preferably not hinder any task at all* 
Some of these actions have requirements which 
are contrary to others. For example, image 
reading is best done with as little ambient light 
as possible, but some light is needed for writing 
and for searching through film folders. 

The devices which need to be located in the 
room are also based on the work to be done. 
Film alternators and workstations are the 
equipment we have designed for* However, re¬ 
port generation requires some form of dictation 
system, and consultation requirements force 
heavy dependence on telephones. Because we 
have found that telephone use may be quite 
frequent, it would benefit users if the phones 
were located on the workstation or alternator 
tables, or were at least within reach without 
standing up* 

The environment can be thought of as a 
combination of the physical space or structure, 
the services provided, and the equipment and 
people within. In addition to the size and layout 
of the room we are working with, there are 
ceiling constraints {fixed ducting) and flooring 
systems (raised flooring) to be considered. The 
Axed ducting to some extent affects placement 
of lighting fixtures. The raised flooring is an 
advantage in that it allows for very easy re¬ 
routing of cables, but does require more main¬ 
tenance than plain flooring (the supports may 
get out of alignment, resulting in panels which 
rock a bit). The floor plan of our existing space 
with the equipment as located is shown in Fig¬ 
ure 2. The changes made to the layout will be to 
move the existing neuroradiology reading area 
to a different location (which will probably not 
involve equipment relocation), moving GI/GU 
into the room, and relocating the two IMACS 
workstations for better user access. Figure 3 
shows the changes to be made in the walls and 
alternator locations. Not shown are a number 
of storage shelves and cabinets to be used to 
house books, selected films, and other items 
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Fig 2. Existing reading room with major equipment. 


used by the radiologists. This design is felt to be 
adequate given that approximately the same 
number of people will be using the room, and 
no new equipment is being added. This latter 
factor means that new electrical power and 
HVAC changes are not required for the larger 
reading area. The IMACS workstation (an A T 
& T CommView EDW4) for ultrasound is in a 
new location, and its heat load of 8500 BTU/hr 
(2144 Kcal/hr) will be considered. 

Structural requirements may also have to 
include floor loading and vibration studies, and 
some local building codes will affect the impact 
of these issues on any design. Addition of heat 
sources or expanding a facility for a larger 
number of people will have to take these into 
account when considering HVAC requirements. 

COMFORT FACTORS 

Most important to the users of any given 
space is how comfortable they will be when 



Fig 3. Reading room redesign with equipment placement 
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using it. Quite separate from the user interface 
issues raised by electronic workstations are 
those things which directly affect comfort. 
These factors include seating, heat, noise, and 
light. Though people can operate within wide 
ranges of these variables, adverse values will 
impair function either temporarily or perma¬ 
nently (chronic exposure to high noise levels, 
for example, can do both). In some instances, 
the degree of impairment may not be noticed by 
the person working, but various measurements 
will show distinct performance losses* 16 

We have found that reading sessions may last 
from fractions of an hour to four hours, 17 so 
that comfortable seating is a must. The “ergo¬ 
nomic" design chair has become quite popular 
in offices in which video display terminals 
(VDTs) are used. The major features of these 
chairs are adjustability, good low back (lumbar) 
support, arm rests (for keyboard users), and 
good padding* There are apparently a set of 
ANSI standards for such chairs, though the 
authors have not seen them. We have found this 
type of chair to be acceptable to the radiolo¬ 
gists, and are presently in use in some reading 
rooms and offices. 

The HVAC design should, having taken into 
account the equipment and personnel heat load, 
maintain the room temperature in a comfort¬ 
able range. For most people, this range changes 
with seasons, but is approximately 63-71° F 
(17*2-21.7° C) in winter, and 65-75° F (18.3- 
23.9° C) in summer. 1S The relative humidity of 
the air affects perceived temperature, and the 
most comfortable range is from about 20 to 60 
per cent at 75° F. 19 Electronic equipment is also 
constrained by temperature and humidity, but 
will generally operate well in the same ranges as 
those for which people are comfortable. 

Sound is one of the environmental factors 
which is highly subjective. Most of us know that 
sounds may be irritating or not depending on 
the context. A newborn’s first cry is probably 
music to most ears, but a child's cry which 
wakes one in the middle of the night is hardly 
so. It is sound quality as well as loudness and 
context which alter its perception. Noise is 
thought of as sound which is unwanted. Despite 
these problems defining noise, most designers 
think that an office-type workspace has a noise 
threshold of about 58dESA. 20 There are specific 
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OSHA limits for sound exposures, but these are 
for sound levels far above what should be en¬ 
countered in any reading room environment. 
Standard methods for noise control are in a 
selection of materials for ceiling, floor, and 
walls. Acoustical ceiling and carpet are excellent 
sound absorbers, and matte wall finishes or 
even acoustic absorption panels on the walls are 
better than plain gloss or semi-gloss wall treat¬ 
ments* 

Lighting is, we feel, one of the most critical 
issues to be faced in reading room design. This 
is particularly true for rooms in which CRT 
displays will be read as their brightness is usu¬ 
ally less than that of film on a view'box. As 
described previously, the tasks of reading im¬ 
ages and writing notes will have opposite 
lighting requirements in a radiology reading 
room. Aside from general room illumination 
and task lights, the image displays themselves 
(whether CRT or alternator) are a source of 
additional light. The problem is that the lighting 
may result in glare from CRT screens or from 
film, and this may impair reading by reducing 
contrast sensitivity of the eye or by fatiguing the 
iris. 21 The curved screens of CRTs are an ad¬ 
ditional complication in that they reflect light 
sources from a wider angle than a flat screen or 
film* In our reading room at present, most task 
lighting is stray light from the alternators. All 
the ceiling lights are usually turned off. This 
poses some problem for the IMACS worksta¬ 
tion as some illumination is needed to see the 
keyboard and control panel 

Glare is a problem for at least two reasons. 
The first is that the glare light will cause the 
pupil to constrict more than it would if there 
were no glare. This results in less of the infor¬ 
mation illumination getting to the retina. Sec¬ 
ondly, the glare source can result in veiling glare 
within the eye itself. This results from the 
scattering of light by the vitreous portion of the 
eye, and is increased with extraneous light en¬ 
tering the eye. 

Lighting design is often aimed at achieving 
some brightness on the work surface and is 
adjusted for the task to be performed. This 
rarely takes into account the problems posed by 
glare, but with increasing use of VDTs, some 
lighting manufacturers are designing systems 
which control the output light beam. Figure 4 is 
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Fig 4. Screen glare from a diffuse luminaire. 


a schematic illustration of the glare problem 
posed by a diffuse light source, and Figure 5 
shows how this is reduced by using a directional 
luminaire (the term for a lamp plus fixture). Tilt 
and swivel monitors help relieve the glare 
problem to some degree, but may not be prac¬ 
tical for all workstations. 

Other methods of reducing the reflection 
from CRT screens include etching the envelope 
glass, coating the glass, and placing filters or 
screens over the tube. Etching the glass reduces 
specular reflection, but also blurs the image on 
the phosphor, reducing the apparent spatial 
resolution. Antireflection coatings work well, 
but suffer from sensitivity to fingerprints and 
smudges. Frequent cleaning of such screens is a 
must. Filters work by attenuating the light re¬ 
flected off the tube more than the light coming 
from the tube, since the reflected light passes 
through the filter twice. Filters themselves are 
subject to reflection from their surfaces. Screens 
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Fig 5. Reducing glare with a directional luminaire. 
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act as collimators, but are subject to collecting 
dirt. For high-resolution displays, the mesh of 
the screen may be visible. The monitors in our 
workstations all use antireflection coatings. 

One consistent problem we have seen in 
reading room design is in the placement of 
viewboxes and alternators. Placement on op¬ 
posing walls with the reading surfaces facing 
each other should be avoided if at all possible. 
Even placement on orthogonal walls can result 
in glare problems for anyone not viewing nor¬ 
mal to the illuminator surface. Unfortunately, 
even some texts 22 violate this principle in ex¬ 
ample designs. This is not a problem if the two 
sets of viewboxes or alternators are never used 
simultaneously, for the unused one is simply 
turned off. 

We have given a great deal of attention to the 
lighting problem. The overhead ambient light¬ 
ing plan uses a luminaire design (Lithonia Op- 
timax) which has been widely used in VDT- 
intensive offices. A number of lighting manu¬ 
facturers are now addressing this problem, so 
that architects have a choice of vendors. Over¬ 
head lighting on dimmers can further control 
brightness. Local fire codes may restrict very 
low illumination levels, and some consideration 
must be given to special lighting for exits in this 
regard. Also, good solutions for task lighting at 
a workstation are difficult to find. One problem 
is that some task lighting, when bright enough 
to read or write by, illuminates a user's face or 
clothing enough for them to become a glare 
source. 

Figure 6 shows the existing reflected ceiling 
plan and light sources. Figure 7 puts this to¬ 
gether with the equipment in the room. None of 
the ceiling lights is directional, and this is a 
major reason for turning them all off during 
reading sessions. Figure 8 shows the proposed 
reflected ceiling plan using the highly direc¬ 
tional luminaires. We would provide separate 
switch/dimmer controls for the luminaires 
nearest the equipment so that their brightness 
could be individually adjusted. 

CONCLUSION 

We have tried to provide an outline of room 
design based on conventional architectural 
principles applied to the problems posed by 
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Fig 0. Existing reflected ceiling plan. 


Fig 7. Existing reflected ceiling plan and major equipment. 
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Fig S. Proposed reading room design. 
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electronic image displays. In addition to the 
usual concerns about the equipment (powering 
it, cooling it, and paying for it) the most suc¬ 
cessful environments for the equipment will be 
those in which human factors have been given 
equal or more consideration than equipment 
requirements alone. 
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Introduction 

From the earliest days after the discovery of X-rays, contrast media have been 
used to investigate the urinary tract [1,2]. The initial use of bougies and catheters 
was followed by the injection of radio-opaque material to show the renal tract. For 
retrograde pyelography, a suspension of bismuth subnitrate was originally used. 

The first major advance was made in 1918 when Douglas Cameron of Minnesota 
recommended the use of sodium and potassium iodide for retrograde pyelography 
[3]. Following the successful introduction of retrograde pyelography, Alexander 
von Lichtenberg (Professor of Urology at St. Hedwig’s Hospital in Berlin) under¬ 
took extensive laboratory work in an attempt to develop intravenous urography, 
but without any result. In 1923 a team of workers at the Mayo Clinic described the 
use of intravenous and oral sodium iodide to visualize the urinary tract [4]. 

In 1925 and 1926, Arthur Binz and Curt Rath (Professors of Chemistry from the 
Agricultural College in Berlin) synthesized many organic iodine and arsenical 
preparations based on the pyridine ring in an attempt to produce an improved 
drug for the treatment of syphilis and other infections. The pyridine ring is a six- 
pointed ring made up of five carbon atoms and one nitrogen atom. Linkage to this 
ring greatly detoxified the arsenic and iodine atoms. Binz and Rath synthesized 
more than 700 of these compounds. One group of these iodinated pyridine com¬ 
pounds was found to be selectively excreted by the liver and kidneys and was 
therefore called the “Selectans”. Some of these synthesized pyridine drugs were 
sent for clinical evaluation for the treatment of gall bladder and kidney infections. 

In 1928, Moses Swick (1900-1985), who was working as a urology intern at Mount 
Sinai Hospital in New York, was awarded the Libman Scholarship encouraging 
medical research overseas. He went to work with Professor Leopold Lichtwitz at the 
Altona Krankenhaus in Hamburg, Germany, where he had some success in the 
treatment of infections with some of the iodinated Selectan drugs. Since these 
drugs contained iodine and it occurred to Swick that they might be of value in vi¬ 
sualizing the renal tract by X-rays. Swick made radiological, chemical and toxico¬ 
logical studies in laboratory animals and in patients. The initial studies were en¬ 
couraging and Swick transferred his work to gain access to the large number of pa¬ 
tients at the urological department of Professor Alexander von Lichtenberg at St 
Hedwig’s Hospital in Berlin. The first successful human intravenous urograms were 
produced with (non-ionic) AT-methyl-5-iodo-2 pyridone (Selectan neutral) but 
Swick preferred the less toxic, more soluble salt 5 iodo-2-pyridone-AT-acetate sodi¬ 
um (Uroselectan) which had been patented by Rath in May 1927. This new com¬ 
pound Uroselectan produced excellent quality intravenous urograms with relative¬ 
ly little toxicity. Swick and von Lichtenberg presented the work to the Ninth 
Congress of the German Urological Society in September 1929. Swick presented the 
first paper based on the animal work but with several excellent-quality human 
studies exhibiting various disease processes (e.g., hydronephrosis and horseshoe 
kidney) Von Lichtenberg and Swick together presented the second paper on the hu¬ 
man clinical uses with the paper read by von Lichtenberg. The two papers were 
published in November 1929 in Klinische Wochenschrift [5,6]. 

Within two years of the introduction of Uroselectan in 1929, Binz and Rath de¬ 
veloped two further modifications of the pyridine ring - diodrast (Diodone) and 
neo-ipax (Uroselectan B, Iodoxyl), each molecule containing two iodine atoms. 
Schering Kahlbaum of Berlin supported Binz and Rath in developing these pyri¬ 
dine agents and they became the world’s leading manufacturer of intravascular 
contrast agents. These compounds were successful and were the standard in¬ 
travascular and urologic contrast media for 20 years. 

A series of changes progressively reduced toxicity. Sodium acetrizoate 
(Urokon, Diaginol) was introduced clinically in 1952 by Mallinckrodt and was the 
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first tri-iodinated contrast medium [7]. Hoppe and colleagues [8] in 1956 showed 
that a second acetyl amino- group could be added to the benzene ring at C5 to 
produce a fully substituted tri-iodinated acid radical and the toxicity was reduced 
even further. This compound, sodium diatrizoate, was introduced in the mid- 
1950s as Urografin (Schering AG, Germany), Renografin (Squibb, USA) and 
Hypaque (Sterling Drug). Sodium diatrizoate and its derivatives became the stan¬ 
dard intravascular contrast agents until the development of the lower osmolar and 
non-ionic agents in the early 1970s. 

In 1959 the Norwegian pharmaceutical company Nyegaard & Co. were accused 
by Schering of infringing their patent on diatrizoate which Nyegaard thought had 
not been patented in Norway. Following this, Nyegaard tried to synthesize diatri¬ 
zoate by another route and developed a new fully substituted tri-iodinated ben¬ 
zene ring compound (metrizoate) which they marketed as Isopaque. 

Torsten Almen was a Swedish radiologist working at Mahno and he studied the 
pharmacology of contrast agents [9]. He thought that the very high osmolality of 
the then conventional contrast media was responsibility for much of their toxicity. 
He taught himself chemistry and suggested reducing the osmolality of contrast 
media by substituting the non-radio-opaque cation by a non-ionizing radical such 
as an amide. His paper on this topic was prepared when he was a Research Fellow 
in Philadelphia in 1968-9. His thesis, which was theoretical and not supported by 
clinical research, was rejected by radiological journals, but was eventually pub¬ 
lished by the Journal of Theoretical Biology in 1969 [10], a journal of which most 
radiologists were not aware. 

Almen’s ideas were rejected by several leading pharmaceutical manufacturers 
but Hugo Holterman, the research director of Nyegaard, encouraged his team to 
attempt synthesis of some of Almen’s theoretical molecules. 

The research team at Nyegaard & Co. were not fully convinced that Almen’s 
proposal could be implemented; however, they were willing to try the ideas. Almen 
also made known his ideas as to how these compounds might be constructed to 
facilitate water solubility, hydrophilicity and to reduce viscosity. 

Less than six months were to elapse between the first meeting of Almen and the 
Nyegaard research group in June 1968 and the production of the first compound 
[11]. The team produced 80 different compounds. In November 1969, after biologi¬ 
cal and pharmacological testing, compound 16 (called “Sweet Sixteen”) was shown 
to be the most promising and it was marketed as Amipaque (the first low-osmolar 
contrast medium, LOCM). Amipaque was based on the glucose amide of Isopaque 
(metrizoate), leading to its generic name, metrizamide. As it contained the glucose 
radical, metrizamide could not be autoclaved. It was also unstable in solution and 
therefore it could not be delivered as a pre-packed sterile solution. Because of the 
complexities of its production, it was expensive and inconvenient to use, being 
presented as a freeze-dried powder with a diluent. It was, however, a major toxico¬ 
logical improvement on all pre-existing water-soluble myelographic and vascular 
agents, and in the late 1970s it became the internationally recognized agent for 
myelography, enabling water-soluble myelography to replace oil (Myodil, 
Pantopaque) myelography. Although it had an advantageous intravascular profile, 
metrizamide was generally regarded as too expensive and too inconvenient for 
vascular studies. 

A few years later, in the mid-1970s, metrizamide was replaced by the second- 
generation LOCM iohexol (Omnipaque) and iopamidol (Niopam), which are easi¬ 
er to synthesize and therefore much less expensive [12]. They do not contain the 
glucose radical and can therefore be autoclaved and they are stable in solution. 
These two second-generation LOCM were successful and became the agents of 
choice in spite of their high cost. 
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Metrizamide revolutionized contrast agents and marked the boundary be¬ 
tween conventional ionic high-osmolar media (HOCM) and modern LOCM. As 
recorded above, iohexol and iopamidol were the first two second-generation non¬ 
ionic LOCM agents to be synthesized. 

In order to further reduce the osmolality two molecules of non-ionic 
monomers have been linked to produce a large non-ionizing molecule containing 
six atoms of iodine. Such products include Visipaque (iodixanol) and iotrolan 
(isovist) which are of physiological osmolality at all concentrations [13]. These 
new agents have additional benefits and are significantly less nephrotoxic [14]. 

Torsten Almen has reviewed the development of non-ionic contrast media [15]. 
Development has resulted in agents isotonic with plasma and causing less pain 
and toxicity. It has been the development of these safe contrast agents that has 
greatly facilitated the development of modern radiology and interventional radi¬ 
ology in particular. 


References 

1. Swick, M (1978) Radiographic media in urology, the discovery of excretion urography. 
Surgical Clinics of North America 58:977-994 

2. Grainger RG, Thomas AMK (1999) History of the development of radiological contrast 
agents (1895-1996). In: Dawson P, Cosgrove DO, Grainger RG. Textbook of Contrast 
Media. Isis, Oxford. Pp3-14 

3. Cameron D (1917) Aqueous solutions of potassium & sodium iodides as opaque media 
in roentgenography. J American Medical Association 70: 754-755 

4. Osborne ED, Sutherland CG, Scholl AJ Jr, Rowntree LG (1923) Roentgenology of the 
urinary tract during excretion of sodium iodide. American Medical Association 80:368- 
373 

5. Swick M (1929) Darstellung der Niere und Harnwege in Roentgenbild durch intra- 
venose Einbringung eines neuen Kontraststoffes: des Uroselectans. Klinische Wochen- 
schrift 8: 2087-2089 

6. Von Lichtenberg A, Swick M (1929) Klinische Prufung des Uroselectans. Klinische 
Wochenschrift 8: 2089-2091 

7. Wallingford VH (1953) The development of organic iodide compounds as X-ray con¬ 
trast media. Journal of American Pharmacological Association (Scientific Edition) 42: 
721-728 

8. Hoppe JO, Larsen HA, Coulston FJ (1956) Observations on the toxicity of a new uro- 
graphic contrast medium, sodium 3,5-diacetamido-2, 4, 6 tri-iodobenzoate (Hypaque 
sodium) and related compounds. Journal of Pharmacological and Experimental 
Therapeutics 116:394-403 

9. Grainger RG (1982) Intravascular contrast media - the past, the present and the future. 
British Journal of Radiology 55:1-18 

10. Almen T (1969) Contrast agent design. Some aspects on the synthesis of water-soluble 
contrast agents of low osmolality. Journal of Theoretical Biology 24:216-226 

11. Amdam RP, Sogner K (1994) Wealth of contrasts. Oslo: Ad Notam Gyldendal 

12. Dawson P, Grainger RG, Pitfield J (1983) The new low-osmolar contrast media: a simple 
guide. Clinical Radiology 34:221-226 

13. Dawson P, Saini S, Schild H, Niendorf HP, Schlieff R (1994) Continuing progress in con¬ 
trast agents. Imaging 6:273-284 

14. Aspelin P, Aubry P, Fransson SG, Strasser R, Willenbrock R, Berg KJ (2003) Nephrotoxic 
effects in high-risk patients undergoing angiography. New England Journal of 
Medicine 348:491 -499 

15. Almen T (1985) Development of non-ionic contrast media. Investigative Radiology 20: 
2-9 




Introduction 


389 


MRI Contrast Media 

The relaxation time of the protons (hydrogen nuclei) in water molecules is the 
physical principle that determines the signal intensity in magnetic resonance im¬ 
aging (MRI) [1]. 

The possibility that manganese ions could be used for in vivo relaxation en¬ 
hancement was first suggested in 1978 by Helena Mendoru^a-Dias, Paul C. 
Lauterbur and Andrew Rudin [2]. They used manganese and an experimental 
technique involving ligation of the coronary artery. They showed that the ischemic 
region was clearly delineated by the relaxation rates and manganese concentra¬ 
tions. However, all of the paramagnetic ions are inherently toxic for clinical use 
and can be administered only in a chelated form. 

Schering AG in Berlin was looking at the topic of MRI contrast agents in 1980. 
The director of contrast agent research Ulrich Speck asked Hanns-Joachim 
Weinmann to study paramagnetic compounds in animals at Siemens AG in 
Erlangen, Germany [3]. The first studies were performed on 19 May 1981. The 
problem of toxicity was solved by Weinmann and his colleagues in 1981 and they 
were able to make well-tolerated paramagnetic contrast agents that were based on 
the metal chelates of manganese or gadolinium [4,5,6]. The first patent was ap¬ 
plied for on 24 July 1981. The first commercially developed contrast agent was 
gadolinium diethylylene triamine penta-acetic acid (Gd-DTPA, gadopentetate) as 
the dimeglumine salt and was marketed by Schering as Magnevist. This process of 
chelation results in a rapid renal excretion after administration and removes the 
toxic effects of the free metal ions. Schering submitted a patent application for Gd- 
DTPA dimeglumine in July 1981. Weinmann and two associates presented the re¬ 
sults of the phase 1 trials with images from the 0.35T super-conducting Magnetom 
(Siemens) at the Department of Radiology at the Free University of Berlin at the 
meeting of the Radiological Society of North America in November 1983. The first 
clinical trials were made in 1983 at the Free University of Berlin under Professor R. 
Felix and at the Hammersmith Hospital in London under Professor R. Steiner. In 
1984, Dennis H. Carr from the Hammersmith Hospital and Wolfgang Schorner 
from Berlin published their results [4,7]. 

Since the late 1980s, Magnevist has been commercially available for clinical use, 
followed shortly afterwards by Dotarem from Guerbet and ProHance from 
Bracco. In general clinical practice about 20% of MRI scans require contrast en¬ 
hancement. 

The development of MRI contrast media continues [8]. These new agents may 
use new principles of contrast enhancement for organ-specific imaging or novel 
physico-chemical properties to allow the administration of gadolinium at a higher 
concentration. Blood pool agents are being developed for magnetic resonance 
angiography. Weinmann surmises that with new molecular biology techniques, 
tumor-specific agents may become a reality. 
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Torsten Almen (born 1931) 


Torsten Almen grew up in Ystad on the most southern coast of Sweden in Skane. 
He trained in medicine at the University of Lund in the 1950s and moved to the 
Department of Diagnostic Imaging at Mahno General Hospital in 1959 and this is 
where he was to spend most of his working life. He very soon became interested in 
angiography and observed that ppatients often suffered short lasting pain when 
the contrast medium was injected by a pressure injector into the abdominal aorta. 
Almen wanted to reduce the pain of injection from contrast medium. He recalls 
being as a boy with his parents at the west coast of Sweden, in Bohuslan and find¬ 
ing swimming in the water not much fun because as soon as he opened his eyes 
they started to smart. He found that the salty water at Bohuslan drew the fluid out 
of the mucous membranes of my eyes and made them sore. The brackish water 
around Ystad did not cause his eyes to smart when he opened them. He reasoned 
that physiological saline solution in the femoral artery did not draw fluid from the 
endothelium of the vessel and so did not cause pain, whereas the hypertonic con¬ 
trast medium in the femoral artery was drawing fluid from the endothelium of the 
vessel and this caused the pain. Therefore “a plasma-isotonic aqueous solution of 
contrast medium molecules might not cause pain, and should therefore be creat¬ 
ed!” 

During 1965 and 1966 he made vain attempts to interest a Swedish pharmaceu¬ 
tical company in his idea, but without success. In December 1966 in Mahno he 
made a dissertation on “An instrument for guiding an angiography catheter” and 
a few weeks later traveled to the USA to Temple University in Philadelphia and 
worked closely with a Physiology Department on the effects of contrast medium 
on the microcirculation. 

In 1968 Almen went to Oslo to work with Nyegaard & Co AS and developed the 
first non-ionic contrast medium Amipaque (metrizamide). He was named as the 
senior inventor on the patent for Amipaque and he has been co-inventor of sever¬ 
al other contrast media patents. 

Torsten Almen was awarded the Fernstrom Great Nordic Prize in 1987 and at 
the 1989 World Congress of Radiology he was presented with the Antoine Beclere 
Prize. 

Torsten Almen is currently Professor Emeritus of Diagnostic Radiology at 
Malmo, Sweden. 
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Contrast Agent Design 

Some Aspects on the Synthesis of Water Soluble Contrast Agents 

of Low Osmolality 

Torsten Almen| 

Departments of Physiology and Radiology, 

Temple University School of Medicine, 

Philadelphia, Pennsylvania 19140, U.S.A. 

(Received 26 August 1968, and in revised form 29 April 1969) 

All the modern radiographic contrast agents (diatrizoate, iodamide, 
iothalamate, metrizoate) for use in studies of the blood vessels (angio¬ 
graphy) consist of a benzene ring, in which three hydrogen atoms have 
been replaced by three firmly-bound iodine atoms. In order to provide 
high water solubility and low toxicity one of the remaining three hydrogen 
atoms in the benzene ring has been replaced by a salt-forming carboxyl 
group while two of them have been replaced by other hydrophilic radicals, 
each containing a chain of one nitrogen and two to three carbon atoms. 

A high absorption of X-rays requires high iodine concentration and 
consequently the angiographic contrast agents are very concentrated 
solutions with osmolalities in the magnitude of 1500 to 2500 mOsm, 

For fast injection through narrow catheters, an angiographic contrast 
agent should have a low viscosity. 

Several of the toxic effects of angiographic contrast agents are related 
to their high osmolality. There is thus a need for a water-soluble contrast 
agent for which the ratio osmolality/iodine content is lower than for the 
contrast agents available today. The ratio osmolality/iodine content could 
be decreased if oligomers or polymers of the modern contrast agents were 
synthesized. However, measurements of the viscosity of such agents showed 
that already oligomers had a high viscosity. 

A discussion of physico-chemical laws gives the following conclusions. 

(1) The viscosity of polymeric contrast agents could be kept at a minimum 
if the axial ratio of the contrast medium molecule is kept as close to one as 
possible. (2) The synthesis of a non-electrolytic contrast agent, that does 
not contain any salt-forming radicals, raises the possibility of combining 
low osmolality with low viscosity in a water soluble contrast agent. A 
monomer of a non-electrolytic contrast agent could get a lower osmolality 
than a polymer of an electrolytic contrast agent. 

t Associate Professor of Radiology, Temple University School of Medicine, Philadelphia, 
Pennsylvania 19140. Recent of Radiology, University of Lund, Sweden. 
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1A. Introduction 

The contrast agents, in common use for angiography and intravenous 
pyelography, have a very low toxicity when this is evaluated as intravenous 
LD S0 . The i.v. LD 50 for the modern contrast agents (diatrizoate, iothalamate 
and metrizoate) varies in different species between 10 and 20g/kg body 
weight (Hoppe, Duprey, Borisenok & Bird, 1967). 

The i.v. LDj 0 values give no precise information on the local effects of 
contrast agents when they, in highly concentrated solutions, are selectively 



Fio. I. The absolute viscosities at 37°C of the 2 dimers (MP 2032 and Cholografin) are 
higher than the absolute viscosities of the monomers (iothalamate and acetrizoate). 

-, MP2032 (dimer of iothalamate);-, adipiodone meglumine salt;., 

iothalamate meglumine salt;-, acetrizoate sodium salt. 

injected into an artery to an organ during an angiographic examination. The 
toxic effects in such a target organ will be greater than in the rest of the body 
which the contrast medium reaches after dilution. Organs examined in 
arteriography are often damaged by a pathological process prior to the 
examination, which increases their susceptibility to toxic agents. 

The water soluble contrast agents are hypertonic , relative to human plasma; 
and in the most commonly used concentrations for angiography, these 
contrast agents have an osmolality in the magnitude of 1500 to 2500 mOsm. 
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It has been shown that hypertonic solutions, among them contrast agents, 
can change the muscular activity in the small vessels (Margolis et al, 1959; 
Read, Johnson, Vick & Meyer, 1960; Hilal, 1966; Lindgren, Saltzman & 
Tornell, 1967; Almen & Wiedeman, 1968a, b) and can also cause intravascular 
agglutination of red cells which results in temporary or permanent occlusion 
of these vessels (Margolis et al, 1959; Read & Meyer, 1960; Read, Vick & 
Meyer, 1962; O’Connor, Sitzman & Dealy, 1967; Almen & Wiedeman, 
1968a, b). 

There are thus motives to synthesize water-soluble contrast agents of lower 
osmolality than those presently available. 

Almen (1966) and Hilal (1966) have advocated the synthesis of polymers or 
dimers of contrast agents as a way of reducing their osmolality. 

In angiography, there is often a need for fast injection of large amounts of 
contrast agents through narrow catheters. Therefore, the viscosity of angio¬ 
graphic contrast agents should not be too high. Accordingly, in an ideal 
angiographic contrast agent both osmolality and viscosity should be low. 

With an Oswald viscometer the absolute viscosities at 37°C of some con¬ 
trast agentsf and their dimers J were measured and the high viscosity of the 
dimers was shown (Fig. 1). 

It is the purpose of this presentation to explore theoretically what 
possibilities there are of making a water-soluble contrast agent of the tri- 
iodophenyl type which combines low viscosity with low osmolality and, to 
the extent it is now possible, to test the validity of the theoretical conclusions. 

2A. Discussion 

Viscosity is described as a resistance to flow. When a fluid starts to flow 
through a tube or a vessel, there is a shear stress. The opposing reaction is an 
internal friction; and the equilibrium, attained when the flow becomes steady, 
is brought about by the viscosity of the fluid opposing the shearing motion. 

As one layer of fluid moves past an adjacent layer, the interaction of 
molecules at the boundary and the passage of molecules across this boundary 
in both directions result in the transmission of energy from the faster to the 
slower fluid layer and, hence, tend to check the relative motion between these 
layers. 

Although a number of empirical and theoretical relationships have been 
developed between viscosity and other properties of liquids, the fundamental 
mechanism of transfer of momentum between molecules in a liquid under- 

f Urokon (acetrizoate) and Conray (iothalamate) from Malfinckrodt, U.S.A. 

t MP 2032 is an experimental dimer of Conray (iothalamate) from Mallinckrodt, U.S.A. 
Cholografin (meglumine adipiodone) from Squibb, U.S.A., here regarded as a dimer of 
acetrizoate. 
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going viscous shear is still unknown. In spite of this, one can discuss what 
factors at the molecular level of a solute determine the viscosity of the 
solution according to data available in the literature (Schmidt & Marlies, 
1948; Flory, 1953; Jirgensons & Straumanis, 1962). 

The viscosity of a solution at a certain temperature is a function of the 
viscosity of the solvent and the concentration, size, shape and charge of the 
molecules of the solute. 

The angiographic contrast agents are highly concentrated solutions with 
water as the normal solvent. Their temperature should not exceed body 
temperature 37°C. Therefore, the problem of combining low osmolality with 
low viscosity in a macromolecular contrast agent has to be connected to the 
remaining factors that decide the viscosity of a solution, i.e. the size, shape 
and charge of the particles or molecules of the solute. 

VISCOSITY OF A SOLUTION AND THE SHAPE OF THE SOLUTE 
(a) Linear colloids 

Most natural and artificial polymer molecules are not spherical but are 
rod-like or flexible chain-like molecules (linear colloids). 

There is theoretical (Jirgensons & Straumanis, 1962) and experimental 
evidence that the viscosity of solutions of linear colloids depends on the axial 
ratio of the dissolved particles (longest diameter of particle/shortest diameter 
of particle). The more elongated the particles, the higher the viscosity becomes. 
The more spherical the particles, the lower the viscosity will be. 

Eirich, Margaretha & Bunzl (1936) made uniform suspensions of glass 
fibers. At equal concentrations, suspensions of shorter fibers had lower 
viscosity than suspensions of longer fibers. 

Doty, McGill & Rice (1958) exposed deoxyribonucleate to ultrasonic 
waves. The long chain molecules were degraded to shorter segments. A 
decrease in average molecular weight from 7,400,000 to 700,000 was 
followed by a decrease in intrinsic viscosity from 69 to 5-3. 

Most polymer molecules are rod-like or flexible chain-like molecules and 
for such polymers, the intrinsic viscosity increases with increasing molecular 
weight. This relationship between the intrinsic viscosity (tj) of a polymer of 
a given type and its molecular weight M is sometimes expressed by the 
following equation: 

fa) = kM° 

where k is a proportionality constant characteristic of the dispersed phase 
and the dispersion medium and a depends on the shape of the particles. For 
rigid rod-like particles, a has a higher value than for flexible chain-like 
molecules (Flory, 1953; Jirgensons & Straumanis, 1962). 
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The viscosity of flexible linear polymers is more complex and varies in 
different solvents. In a ‘good’ solvent, the long molecules become solvated 
which prevents them from coiling and keeps them extended. The more 
extended they are, the higher is the viscosity. In a ‘poor’ solvent, there is little 
solvation and the linear polymers form coils, i.e. they become more like 
spherical particles and the viscosity of the system is lower (Flory, 1953; 
Jirgensons & Straumanis, 1962; Schmidt & Marlies, 1948). 

However, contrast agent solutions must, for enough radiopacity, be highly 
concentrated solutions which excludes the use of a ‘poor’ solvent. 

(b) Spherocolloids 

Einstein, on the laws of hydrodynamics, made theoretical calculations on 
the viscosity of a colloid solution where the solute consisted of rigid spheres. 
He derived the equation: 

t] rel = 1+2-50 

where r\ rel means relative viscosity of the solution and <fi represents the 
volume fraction occupied by the spheres (Jirgensons & Straumanis, 1962). 
The particle size does not appear in this equation. The relative viscosity for 
spherocolloids, according to this equation, is independent of particle size. 

Gold sols have almost spherical particles and have low viscosities indepen¬ 
dent of their particle size (Jirgensons & Straumanis, 1962). 

Glycogen molecules are spherical and the low molecular glycogens 
(mol. wt 20,000) have the same reduced viscosities as the high molecular ones 
(mol. wt 1,500,000) (Huseman, 1941). 

3A. Conclusion 

The data presented from colloid chemistry, comparing linear colloids and 
spherocolloids, give the conclusion that, for the purpose of a low viscosity, 
the molecules of a polymeric contrast agent should be spherical; if this is not 
possible, the axial ratio of the molecules should be as close to one as possible. 

In order to test the validity of this conclusion the following investigation 
was designed. 

IB. Introduction 

It is the purpose of this investigation to compare the viscosities and micro- 
circulatory effects of a spherical and a linear polymer, both being polymers 
of the same monomer. 

At present, both spherical and linear contrast agent polymers are not 
available for comparison. However, glucose polymers are available in two 
forms, as linear colloids (dextrans) and as spherical colloids (glycogens) 
(Huseman, 1941). The purpose of this investigation will be to compare equally 
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concentrated solutions of glucose and its two polymers, dextran and 
glycogen. Hopefully, this study on glucose polymers might give a hint on the 
properties of different contrast agent polymers, because in a previous study 
by Almen & Wiedeman (19686) it was shown that hypertonic solutions of 
glucose and a contrast agent (metrizoate) had similar effects on the micro- 
circulation following topical application. These effects on the microcircula¬ 
tion could be decreased following the polymerization of these substances. 

2B. Materials and Methods 

The effects on microcirculation of topical application of glucose, dextrans 
and glycogens were studied in the wing membrane of adult male bats 
(myotis). The technique used has previously been described in detail 
(Wiedeman, 1967; Almen & Wiedeman, 1968a,6). Solutions of glucose, 
dextransj and glycogens} were prepared in concentrations of 10 and 15% 
with buffered saline as solvent. The effects of these solutions on the blood 
flow through the capillaries and on the spontaneous contractile activity of 
lymphatic vessels and veins were scored as earlier described (Almen & 
Wiedeman, 1968a, b) (see Table 1). 

Water solutions of glucose, dextrans and glycogens were made in concen¬ 
trations of 5, 10 and 15% (w/v) for the purpose of viscosity measurements 
at 37°C in an Oswald viscometer (see Fig. 2). Osmolalities were measured in 
a Fiske osmometer (freezing point depression). 



Fig. 2. Effects of shape of molecules on the absolute viscosity at 37°C, In equally concen¬ 
trated solutions the absolute viscosity of the linear glucose polymer (dextran mol. wt 
86,000) is higher than the absolute viscosity of the spherical glucose polymer (glycogen 
from shellfish). The different polymers have almost the same osmolalities. For 10% dextran, 
ml. wt 86,000, the osmolality is 13 mOsm., for 10% glycogen from shellfish it is 14 mOsm. 

f Manufactured by Manns Research Laboratories (mol. wt average 17,000 and 86,000). 

% Manufactured by Manns Research Laboratories (Shellfish Glycogen and Rabbit Liver 
Glycogen). 
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Effect on micro-circulation of topical applications of 10 and 15% solutions of 

glucose and its polymers 'f 


Concentration „ , . 

Lymphatics 

10% 

Veins 

Capillaries 

Lymphatics 

15% 
i Veins 

Capillaries 

Glucose 

++ 

775 mOsm 
+ 


44 

1030 mOsm 

44 

444 


4 4 

++ 

+ 

4 4 

44 

444 


4- 4 

++ 

4 

44 

44 

444 


44 


44 

4 4 

4 4 

4 4 4 


4- + 

++ 

44 

44 

44 

444 


++ 

44 

4 4 

4 + 

44 

44 4 

Dextran 


440 mOsm 



550 mOsm 


mol, wt 17,000 

— 

— 

— 

4 

— 

- 


— 

— 

— 

4 

— 

— 


— 

— 

— 

4 

4 

— 


— 

— 

— 

44 

4 

4 


+ 

4 

4 

4 4 

44 

44 

Dextran 


260 mOsm 

__ 

_ 

270 mOsm 

_ 

mol. wt 86,000 

— 

— 

— 

— 

— 

— 


— 

— 

— 

— 

— 

— 


— 

—r 

— 

— 

— 

— 


— 

— 

— 

4 

— 

4 


- 

— 

— 

4 

4 

44 

Glycogen 


280 mOsm 

_ 

_ 

295 mOsm 

__ 

Rabbit liver 

— 

— 

— 

— 

— 

— 


— 

— 

— 

— 

— 

— 


— 

— 

— 

— 

— 

— 


— 


— 

— 

— 

— 


— 

— 

— 

4 

— 

— 

Glycogen 


260 mOsm 



270 mOsm 


Shellfish 

— 

— 

— 

— 

— 

— 


— 

— 

— 

— 

— 

— 


— 

— 

— 

— 

— 

— 


— 

— 

— 

— 

— 

— 


— 

— 

— 

— 

— 

— 


Each solution was tested in six different animals, A solution was considered to have 
produced a response if it affected either spontaneous contractile activity of veins and 
lymphatic vessels or altered blood flow in any of the vessels, especially capillary nets and 
adjacent arterioles and venules. The response was marked (+) if spontaneous contractions 
in some veins or lymphatic vessels were stopped and (4 4) if spontaneous contractile 
activity was inhibited in all of the observed veins or lymphatic vessels. The effects on blood 
flow in capillaries and adjacent small arterioles and venules were scored as follows; 

4 Blood flow through the vessels did not stop , but the flow speed of red cells was 
subjectively evaluated to be less than half their original speed, 

4 4 Blood flow stopped in some of the vessels under observation, 

4 4 4 Blood flow stopped in all the observed vessels. 







6.1 Contrast agent design 


399 


CONTRAST AGENT DESIGN 223 

3B. Results 

EFFECTS OF GLUCOSE AND ITS POLYMERS ON MICROCIRCULATION 

The effects on the microcirculation following the topical application of 
10 and 15% solutions of glucose and its polymers were in each experiment 
evaluated after an application time of five minutes. The results of each 
individual experiment are given in Table 1. The results show that following 
polymerization of glucose to linear colloids (dextrans) or spherical colloids 
(glycogens) there is a decrease in the osmolality of equally concentrated 
solutions of these substances. The decrease in osmolality is accompanied by 
reduced or eliminated effects both on blood flow through the capillaries and 
on spontaneous contractile activity of veins and lymphatic vessels (Table 1). 

VISCOSITY 

The viscosity measurements show that the glucose polymers (dextrans, 
glycogens) have higher absolute viscosities at 37°C than glucose when these 
substances are compared in equally concentrated solutions. At equal osmola¬ 
lity and concentration the absolute viscosity was higher for the linear colloid, 
dextran, than for the spherocolloid, glycogen. A 10% water solution of 
glycogen from shellfish had an osmolality of 14mOsm and an absolute 
viscosity of 1 -7 cP at 37°C. A 10 % water solution of dextran mol. wt 86,000 
had approximately the same osmolality (13 mOsm) as the shellfish glycogen 
but a much higher viscosity 6-0 cP. At 15% concentration the difference in 
absolute viscosity was still higher; shellfish glycogen then had an absolute 
viscosity of 2-8 cP and dextran mol. wt 86,000 had an absolute viscosity of 
1T3 cP. 


4B. Discussion 

The present investigation has shown that: (1) several of the irritating effects 
on the microcirculation from topical application of concentrated solutions of 
glucose can be decreased by polymerizing the glucose; (2) these reduced 
effects on the microcirculation can be accomplished both by spherical 
polymers of glucose, glycogens and by linear polymers of glucose, dextrans. 
(3) The spherical polymers of glucose have lower absolute viscosity than the 
linear polymers of glucose when compared at equal concentration and 
osmolality (dextran mol. wt 86,000 and glycogen from shellfish). As an 
analogy to glucose and its spherical and linear polymers it is suggested that 
eventual polymers of contrast agents should be spherocolloids in order to 
get a low viscosity. 

Efforts to synthesize spherical contrast agent oligomers or polymers will 
probably result in contrast agent molecules which have a shape that to some 
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extent deviates from an ideal sphere. This means that, depending on the axial 
ratio of such molecules, the viscosity of such contrast agents will to some 
extent increase with increasing molecular weight (increasing degree of 
polymerization) according to the equation (fa] = kM a ). To reduce viscosity 
the contrast agent molecules would have to be small; to decrease osmolality 
the contrast agent molecules should be large. Through the synthesis of non- 
electrolytic contrast agents there is a possibility to reduce the osmolality of 
contrast agents without increasing their molecular size. 

All the modern angiographic contrast media (diatrizoate, iodamide, 
iothalamate, metrizoate) have three iodine atoms firmly bound to a benzene 
ring. In order to provide high water solubility and low toxicity these 
contrast agents possess per benzene ring one carboxyl group and two other 
hydrophilic radicals containing a chain of one nitrogen and two to three 
carbon atoms. 

All these contrast agents are salts of sodium, calcium, magnesium and 
methylglucamine in different proportions. In water solutions these contrast 
agents are almost completely dissociated and each contrast medium molecule 
forms one anion and one cation. Only the anions contain the iodine atoms 
which are responsible for the radiologic information that is obtained from 
the use of contrast agents. 

The cations carry no such information but are responsible for 50 % of the 
osmolality of the contrast agents. 

In view of the need for a reduction in the osmolarity of the contrast agents 
(Margolis et a!., 1959; Read et a /., 1960; Read & Meyer, 1960; Hilal, 1966; 
Lindgren et a !., 1967; Almen & Wiedeman, 1968a,6), it is apparent that 
cations not carrying information should be eliminated. This could be achieved 
in two ways: 

(1) by the synthesis of non-electrolytic contrast agents, which eliminates 

the ions; 

(2) by the synthesis of contrast agents where both anions and cations 

contain iodinated benzene rings and carry information. 

This would result in a 50% decrease in osmolarity of the contrast agents 
without any polymerization. If a polymerization of three-iodinated benzene 
rings is chosen as a way of obtaining a contrast medium of low osmolarity 
and the water solubility of the polymer is maintained through the use of one 
salt-forming carboxyl group per benzene ring, the polymerization of the 
anions cannot reduce the osmolarity with more than 50% (Fig. 3). Further¬ 
more, this 50 % reduction in osmolarity can only be reached at a high degree 
of polymerization (high molecular weight) with all the viscosity problems 
this implies. 
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Fig. 3. The theoretical reduction in osmolarity following increased degree of poly- 
merization (/i) of electrolytic (O) and non-electrolytic (#) monomers. Each monomer 
contains a tri-iodinated benzene ring. 

The osmolarity of a certain amount of a conventional contrast agent (metrizoate, 
diatrizoate, iothalamate) has been given the arbitrary number of 100, Increasing degree of 
polymerization (n) of an iodine equivalent amount of tri-iodinated electrolytic monomers 
will decrease the osmolarity towards an asymptote at value 50. 

Increasing degree of polymerization (n) of an iodine equivalent amount of a non- 
electrolytic monomer (#) will decrease the osmolarity towards an asymptote at value zero. 

The theoretical calculations were made as follows: A dimer {n = 2) of a conventional 
electrolytic contrast agent {MF 2032 a dimer of iothalamate) has two carboxyl groups per 
molecule. Such a molecule is in a water solution dissociated into two cations and one 
anion. Thus, each molecule forms three particles in a water solution. 

Two molecules of a conventional contrast agent contain the same amount of iodine as 
the dimer described above. These two molecules form in water solution two anions and two 
cations. Thus, four particles are formed in a water solution. Thus, the relation between the 
osmolarities of iodine equivalent amounts of a salt-forming dimer and a conventional 
contrast agent becomes 3/4 or 75/100. 

However, one molecule of a non-electrolytic dimer (n = 2) forms only one particle in a 
water solution but contains the same amount of iodine as two molecules of conventional 
contrast agents, which dissociate into four particles in a water solution. Thus, the relation 
between the osmolarities of a dimer of a non-electrolytic contrast agent and an iodine 
equivalent amount of a conventional contrast agent becomes 1/4 or 25/100. 

Similar calculations are made for higher degrees of polymerization and result in the values 
given in Fig. 3. 

O s Ionic solution (one ion-forming radical permonomer); •, molecular solution. 


n—i-1-1—i-1-r 

o 


# 



Degree of polymefizoUon (n) 



However, a 50% decrease in osmolarity can be achieved without any 
polymerization; it can be achieved by the synthesis of non-electrolytic 
contrast agents, in which the carboxyl group has been exchanged to a non- 
electrolytic hydrophilic radical. By polymerization of such non-electrolytic 
contrast agents the osmolarity could be further reduced (Fig. 3). A dimer of a 
non-electrolytic contrast agent would be 75 % lower in osmolarity than an 
iodine equivalent amount of a conventional contrast agent (Fig. 3). 
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SB* Conclusions 

An ideal water soluble contrast agent for angiography should have low 
osmolarity and low viscosity* In order to combine these properties the 
following approach is suggested: 

(1) The synthesis of non-electrolytic contrast agents gives a 50% reduction 
in osmolarity of the contrast agents. 

(2) The synthesis of small polymers (oligomers) of such non-electrolytic 
contrast agents could further reduce the osmolarity. 

(3) The axial ratio of these oligomers should be as close to one as possible, 
the goal being a spherical molecule. 

This work was supported in part by ITS. Public Health Service Grants* NIH, 
HE 08886 and HE 02280-12. 
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In this brief history, the author reviews the observations that Led to 
his developing a nonionic contrast medium. Current knowledge 
suggested that if a water-soluble medium could be made isotonic 
to human plasma, it would cause less pain and toxicity than the 
ionic media then in use. The principles and design of such a 
medium are discussed, as well as the subsequent chemical devel¬ 
opment and testing in animal models of first generation (metri- 
zamide) and second generation (iohexol) non ionic media. Iohexol, 
which is described as a nonionic, monomeric ratio 3 contrast 
medium, was selected for clinical testing from among competing 
substances due to its Low toxicity in a number of animal models. 
The results from these experimental models predicted that iohexol 
would cause fewer and less severe adverse reactions in clinical use 
than tonic ratio 1.5 media. 

Key words: iohexol, metrisamide, non ionic contrast media. 

BOUT 20 years ago, my colleague Gdran Nylander, 
MD, taught me how to do angiographies in dogs. In 
those days, we could only perform angiographies in animals 
at night, when there were no patients in the angiography 
laboratories. When we injected contrast media into the 
hepatic arteries of dogs, we could not visualize the hepatic 
veins. The contrast media were hypertonic solutions of ionic 
ratio L5 media such as diatrizoate (Renografm®, E. R. 
Squibb and Sons, Princeton, NJ; Hypaque®, Winthrop- 
Rreon laboratories. New York, NY), lot ha la mate (Con- 
ray®, Mallinckrodt, Inc., St. Louis, MO), and metrizoate 
(Isopaque®, Winthmp-Breon Laboratories, New York, 
NY) (Ligs. 1 and 2). 

We began to speculate about the lack of visualization of 
the hepatic veins. These discussions were the beginning of 
the effort that, many years later, yielded the first nonionic 
medium. We asked each other: Did the small contrast 
medium molecules diffuse through the capillary walls so 
that they reached the hepatic veins at a concentration that 
was too low to provide visualization? Would it then be 
better to synthesize large contrast medium molecules? For 
example, would polymers of the ratio 1.5 media remain in 
the vessel lumen and, therefore, reach the hepatic veins at a 
concentration high enough for their visualization? Perhaps 
hypertonic contrast medium solution drew water into the 
vessel lumen, thereby diluting the contrast medium. Would 

From the Department of Diagnostic Radiology, Mai mo General 
Hospital, MalmO, Sweden. 

Reprint requests: Torsten Almfcn, MD, Department of Diagnostic 
Radiology, Malrtio General Hospital, 21401 Maimti, Sweden. 


a contrast medium solution isotonic to plasma become less 
diluted and produce better venous visualization? 

These speculations inspired my study of textbooks on 
colloid, polymer, and organic chemistry. I was doing daily 
angiographies in patients then and frequently observed how 
painful the injections of hypertonic contrast media could be 
for these patients. These contrast media had an osmolality 
about five times higher than that of human serum. 

It was known, however, that the contrast medium, tho¬ 
rium dioxide, a suspension almost isotonic to serum, did 
not produce pain when used for arteriography. Upon 
reading a 1930 Japanese study by Saito et al, 3 1 learned that 
these investigators had prepared an emulsion of iodinized 
oil, which was isotonic to serum and did not produce pain 
when used for carotid arteriography. Since contrast media 
suspensions or emulsions that were almost isotonic to 
serum did not produce pain in arteriography, I believed that 
there was a fair chance that water-soluble contrast media 
would not produce pain in arteriography if they, too, could 
be made almost isotonic to serum, 2 


Early History of Nonionics 

The main reason for trying to develop such a contrast 
medium was to eliminate pain due to the contrast medium 
used in arteriography. There was also reason to believe that 
such isotonic contrast media might produce fewer adverse 
effects than hypertonic solutions. First, it was known that 
hypertonic solutions produced vasodilatation, 3 which meant 
that they might cause a decrease in arterial pressure. 
Second, hypertonic solutions were believed to produce red 
blood cell aggregates, which were thought to block the 
pulmonary capillaries. 4 (This mechanism was believed to be 
involved in deaths due to angiocardiography in patients 
with pulmonary hypertension. 5 >6 ) 

It thus appeared as if water-soluble contrast media in 
isotonic solutions would produce less pain in arteriography 
and also would be less toxic than the hypertonic contrast 
media (ratio L5 media) commonly used. With these goals in 
mind, I devoted some years to the study and design of such 
isotonic water-soluble media and worked to obtain support 
for their development through research grants or company 
investment. 
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Fig. 1. Schematic illustration of the development of contrast 
media from ratio 0*5 to ratio 6.0* "R" means unspecified chemical 
structure. 

In the 1960s, all the water-soluble contrast media com¬ 
monly used for angiography were salts of iodinated benzoic 
acid derivatives. They were administered intr avascular ly as 
solutions highly hypertonic to human plasma. When these 
contrast media dissolved in water, each of their molecules 
dissociated into a cation and an accompanying anion that 
contained three iodine atoms bound to a benzene ring; thus, 
for every three iodine atoms in a water solution, there would 
be two particles in the solution—one cation and one anion 
(Figs. 1C and 2). 

Examples of such media are diatrizoate, iodamide (Uro- 
miro®, Bracco, Milan, Italy), ioxitbalamate (Vasobrix®, 
Guerbet, Paris, France), iothalamate, and metrizoate. 
Today, they are still in common use for angiography* They 
are described as ionic, monomeric three-iodinated ratio 1,5 
media, because the ratio between the number of iodine 
atoms and the number of particles in an ideal solution is 1.5 
(Figs. 1C and 2) + 

The process of designing a water-soluble contrast medium 
isotonic to serum, or at least one with lower osmotic effects 
than those of the ratio L5 media, involved a number of 
speculations. To achieve these goals, I needed to design 
media with a ratio higher than 1.5; compared with the ratio 
1.5 media, I needed to increase the number of iodine atoms 
per number of particles in water solution, or decrease the 
number of particles per number of iodine atoms. It would 
have been possible, for instance, to synthesize ionic media in 
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Fig. 2, Chemical structures of the anions of some urographic 
and angiographic ionic contrast media, Diatrizoate, metrizoate, 
ioxthalamate, iothalamate, and iodamide are described as mono¬ 
meric monoacidic ratio 1,5 media, or as ionic ratio 1.5 media, loxa- 
glate is described as dimeric monoacidic ratio 3,0 medium, or as 
ionic ratio 3,0 medium. 


which both the anion and the cation each contained three 
iodine atoms. I intuitively thought that such media might he 
highly toxic, however. Another possibility was to synthesize 
media that contained dimers (Fig. 1D), trimers, or polymers 
of the anions of the three-iodinated media. With increasing 
degrees of polymerization, the ratio of such media ap¬ 
proaches the value 3. This meant that the osmotic effects 
would have been reduced by 50%, but this also would have 
been a large molecule with viscosity too high for arteriog¬ 
raphy. This approach was therefore discarded. 

The next approach I considered was to try to avoid using 
the cations of the ionic media, because these cations do not 
contain any iodine. They give no diagnostic information, 
but they are responsible for 50% of the osmotic effects of the 
media. The noniodinated cations could be avoided by syn¬ 
thesizing nonionic media, which might be made sufficiently 
water soluble by including a large number of hydrophilic 
hydroxyl groups in the contrast medium molecules (Fig, 
1 F) + If dimers (Fig. 1G) or trimers of such media could be 
synthesized, it would be possible, theoretically, to get con¬ 
trast media that were isotonic to human serum at concentra¬ 
tions used in angiography. 

From 1965 until 1967, I tried unsuccessfully to interest 
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Fig, 3. Chemical structures of some urographic. angiographic 
arid myelographic contrast media, Metrizamide, iopamidof and 
iohexol are described as monomeric nonionic ratio 3.0 media, or as 
nonionic ratio 3,0 media. 


both Swedish and American companies in the synthesis of 
water-soluble contrast media isotonic to serum. In March 
1968, I visited Miami, Florida, for a congress on lymphan¬ 
giography and, on impulse, I quickly jotted down some 
chemical structures and had them notarized. 

On returning to my work in the Department of Physiol¬ 
ogy at Temple University, Philadelphia, I found a letter 
from Dr. Hugo Holtermann, head of research at the phar¬ 
maceutical comp any Nyegaard & Co. in Oslo, Norway. Dr. 
Holtermann was going to visit the American pharmaceuti¬ 
cal company, Winthrop Laboratories, in New York in April 
and asked if I would meet him. During our meeting in New 
York, he suggested that I fly to Norway to discuss my ideas 
on low-osmotic contrast media, and in June 1968 I met with 
the research staff of Nyegaard in Oslo. 

There was general agreement about the need for a low- 
osmotic contrast medium, a medium with lower osmotic 
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Fig. 4. Some chemical structures signed by the notary public. 
Use of hydroxy alky lamido groups are suggested as polar groups to 
confer water solubility to these non ionic contrast media, (Errors are 
due to hasty writing ) 


effects than ionic ratio L5 media. Ideally, this medium 
needed tc be isotonic to serum. Dr. Holtermann found the 
idea of nonionic contrast media very interesting. However, 
he believed that the chances of obtaining sufficient water 
solubility were small, because a very large number of 
hydroxyl groups per molecule probably would be required 
to reach the desired high water solubility, I then presented 
several examples of non ionic contrast media that were 
based on the structure I had notarized (Fig, 4). They con¬ 
tained eight hydroxyl groups per contrast medium mole¬ 
cule. The chemists at Nyegaard thought that an even higher 
number of hydroxyl groups might be required to obtain 
enough water solubility. 

The chemical building blocks (moieties) that made up the 
media discussed were not readily available, but one of the 
company's dedicated chemists, Vcgard Nordal, mentioned 
that the ionic ratio 1.5 medium, acetrizoate (Urokon®, 
Mallinckrodt, Inc, St. Louis, MO) was a methylglucamine 
salt of acetrizoic acid. He suggested that the first attempt to 
synthesize a nonionic medium should include the following 
steps: an acid chloride of acetrizoic add should be made. 
When this reacted with methylglucamine, the expected 
result would be the methylglucamide of acetrizoic acid^a 
nonionic ratio 3.0 contrast medium. This substance was 
soon synthesized, and it had approximately the same toxic¬ 
ity as the common ionic ratio 1.5 media. Since the new 
substance had a very high water solubility, it was decided 
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that various nonionic compounds would be synthesized in 
the search for new low-osmotic and low-toxic clinical arte- 
riographic media. 

Development of First 
Generation Nonionics: Metri/amide 

The hyd ro xyal ky lam id o groups in Fig. 4, as well as some 
other hyd ro xy alkyl amid o groups, were used as polar 
groups to confer water solubility to a number of experimen¬ 
tal nonionic contrast media, 7,8 As a result of that work, 
metrizamide (Amipaque®, Nyegaard & Co. AS, Oslo, 
Norway), the first nonionic water-soluble contrast medium 
for clinical use, was created under the leadership of Dr. 
Holtermann. When dissolved in water, metrizamide forms 
a molecular (nonionic) solution, and each dissolved mole¬ 
cule contains three iodine atoms. Thus, for every three 
iodine atoms there is only one particle in solution-one 
complete, nondissociated metrizamide molecule. The ratio 
of metrizamide in an ideal solution, therefore, becomes 3. 0 
(Figs. IF and 3). 

The low subarachnoid and acute intravascular toxicity of 
metrizamide 9-11 made it the first water-soluble contrast 
medium commonly used in myelography. Experience with 
metrizamide in angiography has demonstrated that general 
use of a ratio 3.0 contrast medium would almost eliminate 
pain iu clinical angiography. 13 In spite of this advantageous 
property, metrizamide is not generally used in clinical angi¬ 
ography due to two of its disadvantages: the high cost of 
production results in a high price, and reduced stability 
upon autoclaving in aqueous solutions requires that metri¬ 
zamide be dispensed as a lyophilized substance that must be 
dissolved in water before it can be used. 

Development of Second Generation 
Non ionics: Iohexol, lopamidol 

In the years after the development of metrizamide, 
research of nonionic contrast media focused on developing 
substances that could be supplied in autoclaved solutions 
and priced to permit their general use as angiographic, 
urographic and myelographic contrast media. As a result of 
these efforts, iopamidol (Nioparn®, Brace®, Milan Italy' 
Isovue®, E. R. Squibb and Sons, Princeton, NJ) and 
iohexol (Omnipaque®, Nyegaard &Co,,AS, Oslo, Nomay; 
Winthrop-Breon Laboratories, New York, NY) were dis- 


Table 1. Acute Intravenous LDsc in Mice 


Contrast Medium 

g l/kg mouse 

Iohexol, nonionic ratio 3.0 

24.3 

lopamidol, nonionic ratio 3.0 

22.1 

Metrizamide. nonionic ratio 3.0 

10.1 

Ioxaglate, ionic ratio 3,0 

13.5 

iothalamate, ionic ratio 1.5 

7.0 


covered (Felder, Pitre, and Tirone 13 ; Holtermann), Like 
metrizamide, these new media are described as nonionic, 
monomeric ratio 3.0 contrast media (Figs. IF and 3). 

Iohexol and other similar media have a tendency to 
deteriorate due to a cyclizing reaction with release of inor¬ 
ganic iodide at the high temperature required for autoclav¬ 
ing (120° C), H Below pH 5,5, iohexol tolerates autoclaving 
without deterioration. Contrast media for angiography 
should not be used in buffered solutions at pH 5.5, however, 
because at such low pH they cause greater decrease of aortic 
pressure 15 than at pH 7,0 to pH 7.5. An elegant solution to 
this problem was found by Friljof Rakli, 14 Aliphatic amines 
are known to have pKa values that decreased about 0.025 
units per degree centigrade upon heating. This means that 
an aqueous buffer of TRIS (2-ami no-2[hy dr oxy met hyl]- 
1,3-propanediol) with a pH of 7.3 at 20° C will decrease to 
about pH 5 at 120° C. At this pH and temperature, aqueous 
solutions of iohexol are stable for hours. After autoclaving 
and when the iohexol solution is cooled, the pH will return 
to its initial value. At room temperature and neutral pH, the 
stability of iohexol solution is acceptable. 

Another ionic ratio 3,0 contrast medium, ioxaglate 
(Hexabrix®, Guerbet, Paris, France), was developed by 
Tilly, Hardouin, and Lautrou. 16 It is intended for angiog¬ 
raphy and urography but not for myelography; it is de¬ 
scribed as mo noacid ic and dimeric (Figs. IE and 2). The 
ionic ratio 3.0 medium ioxaglate has a lower acute intra¬ 
venous toxicity than the ionic ratio L5 media (Fig. 2) but a 
higher acute intravenous toxicity than the nonionic ratio 3.0 
media (Fig. 3) according to the data in Table 

Basic Characteristics of Iohexol 

Like other nonionic media in clinical use, iohexol has 
both lower molecular toxicity (chemotoxicity) and lower 
osmotoxicity than the ionic ratio L5 media. 

To investigate its toxicity, iohexol has been compared 
with various media in animal experiments. Studies of 
iohexol in different experimental models have been con¬ 
ducted to gain insight into its toxicity in animals so that 
clinical advantages and risks can be assessed. 

Acute Intravenous Toxicity in Mice 

The acute intravenous toxicity in mice of iohexol and 
some other contrast media is given in Table L i7t1 ® The 
intravenous LD 5 o values of the different ratio 3.0 media 
(nonionic and ionic) are at least twice as high as those of the 
ratio 1.5 medium, iothalamate, due to lower osmotoxicity 
and/or chemotoxicity of the ratio 3.0 media. The intrave¬ 
nous LDso of iohexol is about 80% higher than that of 
ioxaglate. This difference in intravenous toxicity must be 
due to the lower molecular toxicity of iohexol, because 
ioxaglate has the lower osmolality of the two media. 

If arteriographic contrast media were chosen exclusively 
with regard to their acute intravenous toxicity, then iohexol 
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TABLE 2 , Median Pressure Increase in Pulmonary Artery After 
Injection of 3 ml/kg (370 mg l/ml) Into the Right Atrium 


Ratio 3,0 medium iohexol 

+14% 

Ratio 3.0 medium ioxaglate 

+21% 

Ratio 1.5 medium metrizoate 

+46% 

Physiologic saline 

+10% 

Median Pressure Change in Aorta 

Ratio 3.0 medium iohexol 

-1% 

Ratio 3.0 medium ioxaglate 

0% 

Ratio 1.5 medium metrizoate 

-43% 

Physiologic saline 

+8% 


and iopamidol would be the safest media, according to the 
findings presented in Table 1. 

Histamine Release 

Histamine release has been investigated in vitro for sev¬ 
eral media, 1 ! At a final concentration of 150 mg 1/ ml in the 
incubation mixture, iohexol released about 10% of the 
maximum amount of histamine available for release from 
the mast cells of rats, Metrizamide released about 25% and 
ioxaglate released 100%. Among the compounds com¬ 
pared, iohexol released the smallest amount of histamine. 

Effects on Red Blood Cells 

The effects of contrast media on red blood cells are an 
important consideration in angiography because red cells 
must be bent and deformed in order to pass through the 
capillaries of the lungs and other organs. These capillaries 
arc smaller in diameter than the erythrocytes. 20 The hyper- 
tonicity of contrast medium solutions induces a loss of 
intracellular water from red cells, thereby making them 
rigid 21 and reducing their ability to pass through capillaries. 
It has been shown that ratio 3,0 media (iohexol, metriza¬ 
mide, and ioxaglate) produce less rigidification of red blood 
cells than ratio 1.5 media (diatrizoate, metrizoate). 21,22 Iohexol 
has been found to have less influence on red blood oell 
morphology than metrizamide, ioxaglate, and metri- 
10 * 1 *™* 

Effects on Pulmonary Arterial Pressure 

Contrast media effects on pulmonary arterial pressure 
are of interest because several deaths in cardioangiography 
have occurred in patients with pulmonary hypertension, 
and an etiologic connection has been assumed. 5 When 
injected intravenously or into the pulmonary artery, hyper¬ 
tonic solutions such as contrast media can produce increased 
pulmonary arterial pressure. 24 ’ 2 * It has been shown that the 
ratio 3.0 media (iohexol, metrizamide and ioxaglate), when 
injected into the right atrium of rabbits, produce less 
increase in pulmonary arterial pressure than the ratio 1.5 
medium, metrizoate (Table The same investigations 
also showed that the ratio 3.0 media produced less decrease 
in aortic pressure than the ratio 1.5 medium. 


TABLE 3, Increase in Lung Weight of Rats (median values) 
Following IV Injection of Contrast Medium (6 g f/kg SW) 


Nonionic ratio 3,0 medium 

iohexol 

12% 

Nonronic ratio 3 0 medium 

iopamidol 

51% 

Ionic ratio 3.0 medium 

ioxaglate 

112% 

Ionic ratio 1.5 medium 

diatrizoate 

68% 


In animal experiments, the advantages of iohexol over 
ratio 1.5 media, following intravenous bolus injection and 
in cardioangiography, are as follows: (1) smaller pressure 
increases in the pulmonary artery,and (2) smaller pressure 
decreases in the aorta. These advantages arc especially 
important in patients with signs of obstruction of pulmo¬ 
nary circulation, such as pulmonary hypertension, pulmo¬ 
nary emphysema, pulmonary fibrosis, and cardiac disease. 

Pulmonary Edema 

Pulmonary edema occurred in 22 patients (16%) in a 
study of 140 urographic deaths, 33 An animal model has 
been designed in which changes in the wet weight of the lung 
have been used to measure the degree of edema produced by 
intravenous injections of various contrast media (Table 

In regard to production of pulmonary edema, the dom¬ 
inant role of the molecular toxicity of the contrast medium 
is demonstrated by the fact that the ionic ratio 3.0 medium, 
ioxaglate, produced significantly more pulmonary edema 
than the ionic ratio L5 medium, diatrizoate, in spite of 
ioxaglate’s lower osmolality. 

Due to its lower molecular toxicity, iohexol has less 
tendency to produce pulmonary edema than either the ratio 
1.5 media or the ratio 3.0 media, ioxaglate and iopamidol 
This should be considered before intravascular injections of 
contrast medium are given in patients with lung or heart 
disease. 

Effects on Aortic Endothelium 

Contrast medium effects on aortic endothelium are of 
interest because vasoactive substances may be released from 
damaged endothelial cells. Thrombus formation also may 
be initiated on damaged endothelial cells. Contrast medium 
damage to the endothelium of the rat aorta was evaluated 
by a silver staining method. 33 Injury to the endothelium 
results in staining of subend othelial structures. More dam¬ 
age to the endothelium permits leakage of stain to suben- 
dothelial structures through a larger percentage of the 
endothelium surface (Table 4), 


TABLE 4. Extent of Injury of Aortic Endothelium of Rats Following 
Exposure to Contrast Media [370 mg I/ml; median values) 


Ratio 3,0 iohexol 

less than 5% 

Ratio 3.0 metrizamide 

less than 5% 

Ratio 3.0 ioxaglate 

less than 5% 

Ratio 1.5 diatrizoate 

about 20% 

Ratio 1.5 metrizoate 

about 20% 
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All the ratio 3,0 media (iohexol, metrizamide, and iox- 
aglate) produced less endothelial damage lhan the ratio 1.5 
media (diatrizoate and metrizoftle), Sodium chloride solu¬ 
tions isotonic to the ratio (.5 media produced the same 
extent of endothelial injury as the ratio 3.0 media. This 
indicates that the endothelial damage is more related to 
molecular toxicUy or contrast media than to the osmolality 
of the contrast media solutions. 

Vaso dilatory Effects 

Tlie vasodilator^ effects of contrast media have been 
investigated in experimental femoral arteriography of 
dogs, 3 * 34 Atthesamedose(0.2mlkg BW,280mg 1 /ml),the 
ratio 3.0 contrast media (iohexol, mctrlzamide, and iox- 
aglntc) produced a 30% to 40% increase in femoral blood 
Row; the ionic ratio 1.5 medium mcirizoate produced a 
increase. 

This means that there should be less risk of hypotension 
following intravascular injection of ratio 3.0 media than of 
ratio 1.5 media in clinical arteriography. This should be 
considered in elderly patients with reduced blood flow in 
some o rgans due to vascular obstruction; in such patients, a 
fall in aortic blood pressure may induce cerebral infarction, 
cardiac infarction, or renal failure, depending on the organs 
of vascular obstruction. 

Since the ratio 3.0 media produced more vfisodilation 
than an ecquiosmolal sodium chloride solution, it was con¬ 
cluded that the vasodilatory properties of the ratio 3,0 
media arc caused both by their molecular toxicity and their 
osmotoxicity. 

Effects off' Coronary Arteriography 

Contrast media effects on coronary arteriography have 
been investigated in dogs, 35 When injected into the left 
coronary artery at a dose of 8 ml (370 mg I/ml), the non- 
ionic ratio 3.0 contrast media, iohexol and metrizamide. pro¬ 
duced less decrease in left ventricular contractile force than 
the ionic ratio 1.5 medium, diatrizoate. At this dose, iohexol 
produced a mean decrease in contractile force of 15%; 
metriziam ide caused a decrease of 10%, diatrizoate caused a 
decrease of 44%. 

Renal Effects 

Effects on renal function due to iohexol have been inves¬ 
tigated following nephroangiography in dogs and aortic 
inject io n in rats, 3M * Ionic ratio 1,5 media produced a signif¬ 
icantly Higher albuminuria than iohexol. From these animal 
experiments, it is expected that clinical nephroangiography 
inmnn will be followed by less proteinuria if iohexol is used 
instead of ratio 1.5 media (diatrizoate, iothalamate, metri- 
zontc). 

It Has been shown that Iohexol, like other ratio 3.0 media, 
produces a smaller osmotic diuresis than the ratio J,5 
medium, diatrizoate. Two effects of this mechanism 


have been demonstrated in animal experiments: (I) the 
urine iodine concentration becomes twice as high when 
iohexol and other ratio 3,0 media arc used for urography 
compared with ratio 1.5 media (dialrizoate, iothalamate, 
met rizoate); and (2) when ureteric sLasis is present, iohexol 
causes less increase in ureteric pressure than the ratio 1,5 
medium, diatrizoate. 40 These animal experiments predict 
that when used in clinical urography, iohexol should pro¬ 
duce films of high diagnostic quality due to the high iodine 
concentration in urine. They also suggest that the risk of 
contrast medium leakage from the renal pelvis to surround¬ 
ing extrapeJvic structures should be small, even when ure¬ 
teric stasis is present, due to the smaller diuretic effect of 
iohexol compared with ratio 1.5 media. 

[I has been shown that iohexol can be used as a murker to 
determine renal function by glomerular filtration rate 
(GFR) because it is handled by the kidney like inutin or 
5ICr-EDTA/" 

Central Nervous System Effects 

Effects on the central nervous system have been exam¬ 
ined after subarachnoid injections of iohexol in nonanes- 
thetlzed rabbits, 42 Iohexol had the least effect on animat 
behavior among the nonionic media compared (iohexol, 
iopamidof ioglunide, metrizamide), An investigation of the 
effects on the blood-brain barrier of iohexol and metriza- 
mide showed significantly less injury by iohexol. 45 

These animal investigations predict that in clinical use 
Iohexol should be a safe medium both for myelography and 
for angiographic examination of the central nervous sys¬ 
tem, 

Discussion 

The following principles can be said to guide the search 
for a new contrast medium that causes fewer and/or Less 
severe adverse clinical reactions than previous media: (1) 
Only one contrast medium effect is desired; to attenuate 
radiation; (2) All other contrast medium effects are un¬ 
wanted and may or may not cause clinical symptoms; (3) 
Many different pathophysiologic mechanisms (toxicity 
mechanisms) are activated after injections of contrast 
media. It is therefore an important principle to examine 
many different toxicity mechanisms in animal experiments 
before a nqw contrast medium is selected for clinical trial. 

Before a contrast medium is injected into a patient! it is 
not known which pathophysiologic mechanism, or which 
combination of mechanisms, happens to be the greatest risk 
for that patient on that particular occasion. Many contrast 
medium-induced pathophysiologic mechanisms may play a 
role. They include: (I) Vasodilation with possible arterial 
hypotension and cerebral, renal, or cardiac damage from 
hypotension; (2) Rigid Ideation of red blood cells with pos¬ 
sible pulmonary hypertension and cor pulmonale; (3) 
Endothelial damage with possible thrombosis on damaged 
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endothelium or release of vasoactive substances from dam¬ 
aged endothelium; (4) Cardiac effects with decreased con¬ 
tractile force, arrhythmias, ventricular fibrillation; (5) Pul¬ 
monary edema due to direct effects on pulmonary vessels or 
via reflexes on pulmonary vascular permeability; (6) Renal 
failure, sometimes with anuria, due to effects on glomerular 
membrane permeability, renal vessels, and for tubular cells; 
(7) Penetration of blood-brain barrier by contrast medium 
molecules that reach nerve cells causing seizures or direct 
effects on the limbic system of the brain; (8) Interaction with 
various enzymes; (9) Direct cellular effects with release of 
histamine, serotonin, or other substances causing symp¬ 
toms of anaphylactoid reaction; (10) Activation of com¬ 
plement system with signs of anaphylactoid reaction; (11) 
Interaction with antibodies with true anaphylactic shock. 

The present review covers a comparison in many experi¬ 
mental models between several nonionic ratio 3.0 media 
(iohexol, various experimental nonionic media, and me- 
trizamide) and several ionic ratio 1.5 media. The models have 
covered several toxicity mechanisms supposed to be involved 
when contrast media cause adverse reactions. No experimen¬ 
tal model was found in which iohexol was more toxic than 
metrizamide or various ionic ratio L5 media. In some exper¬ 
imental models, iohexol was less toxic than metrizamide and, 
in many models, iohexol was less toxic than the ionic ratio L5 
media. In the effort to identify a contrast medium that may 
cause fewer, less severe adverse reactions in clinical use, 
iohexol was not chosen for clinical study from among its 
competitors because of a single good parameter. It was 
selected because of its low toxicity in many different experi¬ 
mental models. The importance of using many experimental 
models that deal with many toxicity mechanisms must be 
emphasized. 

Conclusion 

It may be stated that iohexol was selected among other 
co mpeting substances for clinical study because iohexol had 
lower toxicity than ionic ratio 1.5 media in many experi¬ 
mental models. From the results of those experiments, it 
was predicted that iohexol might cause fewer or less serious 
adverse reactions than ionic ratio 1.5 media when used 
clinically. Other articles in this symposium dealing with 
clinical trials of iohexol will show to what extent these 
predictions from animal experiments have been correct. 
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6.3 Intravenous chelated gadolinium as a contrast agent 
in NMR imaging of cerebral tumours 
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Hanns-Joachim Weinmann graduated in General Biology and Genetics at the Free 
University Hospital of Berlin in 1969. He then went on to attain his PhD in Biology 
in 1980. 

He worked for Schering developing contrast media. Schering has been a key 
company in the development of radiological contrast media since the earlest days 
of the iodinated X-ray contrast media. Weinmann submitted a patent application 
for Gd-DTPA dimeglumine in July 1981 in a project which also involved Ulrich 
Speck. 

Weinmann is currently the head of MRI and X-ray Research at Schering AG in 
Berlin, Germany and remains at the forefront of contrast media research. 
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Summary NMR imaging was performed on 12 
patients with cerebral tumour before and 
after administration of intravenous gadolinium diethylene 
triamine penta-acetic acid (DTPA){0'1 mmol/kg). Contrast 
enhancement was seen in all cases. Ring enhancement was 
most frequent (7 cases) but central, linear, patchy, and diffuse 
enhancement were also seen with both inversion-recovery 
and spin-echo sequences. The degree of enhancement was 
greater than that seen with X-ray computed tomography 
(CT) in 8 cases, equal to it in 3 cases, and less in 1 case, NMR 
distinguished between tumour and peritumoral oedema to 
the same extent as did CT, No side-effects were encountered 
and there was no significant change in urea, creatinine and 
electrolytes, liver function tests, blood coagulation, or urine 
testing after administration of gadolinium-DTPA, 
Gadohnium-DTPA is likely to be of considerable value in 
NMR imaging of the brain, 

INTRODUCTION 

Clinical NMR imaging of the brain has produced results 
comparable with X-ray computed tomography (CT) in many 
situations. 3,2 In applications such as the diagnosis of multiple 
sclerosis, NMR is superior 1 but in others, such as 
differentiation between tumour and peritumoral oedema, use 
of iodinated contrast agents gives CT an advantage. 4 The 
development of contrast agents for NMR imaging equivalent 
to those used in CT has therefore attracted considerable 
interest. Paramagnetic ions of manganese, iron, and 
gadolinium (Gd) have been used in animal studies to increase 
NMR image contrast by decreasing the relaxation times T ( 
and T 2 I 3 The most promising ion so far investigated has 
been Gd 4 + + , Chelation of this ion reduces its toxicity and 
animal studies have suggested that gadolinium diethylene 
triamine penta-acetic acid (Gd-DTPA) may be a suitable 
agent for human usc. v 

We present the results of NMR imaging before and after 
administration of intravenous Gd-DTPA to 12 patients with 
cerebral tumours. 

PATIENTS AND METHODS 

12 patients (8 male, 4 female) aged 35 to 67 years were studied 
with the permission of the research ethics committee of the Royal 
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TABLE I-PATIENTS’ DIAGNOSES 


Diagnosis 

No 

A st rveytoma grade l V 

3 

Meningioma 

1 

Probable met a states n : 


Carcinoma of the bronchus 

2 

Carcinoma of breast 

3 

Malignant melanoma 

1 

Cerebral tumour^ 

2 


* Primary tumour but not cerebral tumour examined histologically, 
t No histological examination. 


TABLE II-PULSE SEQUENCES 



TR 

(ms) 

TI 

(ms) 

TE 

(ms) 

Inversion' recovery: 




1400/400 

1400 

400 


1500/500/44 

1500 

500 

44 

Spin-echo: 




344/44 

344 


44 

544/44 

544 


44 

15SO/S0 

1580 


SO 


TR= duration, of the scan cycle. Tl“iitne between ISO" and 90 a putie on 
inversion-recovery sequence, TE ■ lime between previous 90 a puls; and edto 
formation with inversion-recovery and spin-echo sequences. 


Postgraduate Medical School and the Department of Health and 
Social Security Medicines Division. 4 of these patients had 
histological diagnoses of cerebral tumours (table I), 6 had clinical, 
CT, and NMR diagnoses of cerebral metastases with histological 
examination of the primary lesion but not of the metastases. 2 hi! 
clinical, CT, and NMR diagnoses of a cerebral tumour without 
histological confirmation. In each case of cerebral tumour 
was diagnosed without histology, but the diagnosis was sufficiently 
certain for the patient to be treated with radiotherapy. 

Ur fa, creatinine and electrolytes (Na% K + , HCO,"}, liver 
function tests (bilirubin, aspartate transaminase, alkaline 
phosphatase, total protein), blood screen (haemoglobin, red celt 
count, packed cell volume, white cell count, platelets) and 
coagulation studies (prothrombin time, partial thromboplastin 
time) were performed 24-48 h before the NMR scans. Urine 
microscopy was also performed; only if all these tests were nortrol 
was Gd-DTPA administered. NMR imaging was performed on an 
NMR scanner operating at Q-I5 T which has been described 
previously, 10 Inversion-recovery and spin-echo pulse sequence! 
listed in table ii were used. These are described by the American 
College of Radiology notation. tJ Image reconstruction was 
performed with projection-reconstruction and two-dimensional 
Fourier transformat ion. Scanning time was 4 - 2 to 12 min per image 
and a total of 8 to 12 images was obtained in each case. After 
baseline NMR scans had been obtained, intravenous Gd-DTPA 
(0-1 mmol/kg) was injected and further NMR scans were obtained 
for up to 65 min. 

Contrast-enhanced X-ray CT scans were obtained in each case by 
means of a Siemens ‘Somatom IT whole-body scanner (9 cases), or 
an EMI CTI010 scanner (3 cases). Intravenous meglumine 
diatrizoate (31 g of iodine) was used for contrast enhancement in 
these cases. 

Patients were observed during the NMR scan and questioned 
about side-effects at the end of the NMR scan and 24^48 h later, 
Serum urea, creatinine, and electrolytes, liver function tests, blood 
screen, and coagulation studies as well as urine microscopy were 
repeated 24^48 h after injection of Gd-DTPA. 

RESULTS 

NMR Scans 

Cerebral tumours were observed on the NMR images ih 
every case. Contrast enhancement was also observed in each 
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of the 12 cases after injection of Gd-DTPA. Ring 
enhancement was seen in 7 cases, central enhancement was 
observed in 3 cases, and patchy enhancement was seen in 2 
cases. Diffuse and linear enhancement were also observed in 1 
case each. With in version-recovery (1500/500/44) sequences, 
enhancement was apparent as an increase in signal intensity 
(light area) corresponding to a decrease in T L (fig 1). With 
spin-echo (544/44) sequences, enhancement also produced an 
increase in signal intensity (fig 2), 

Comparison with CT 

[n all 12 cases tumours were identified on both NMR and 
CT. In 2 cases, additional lesions were seen with NMR but 
not with CT; in 1 of these cases, nine 0‘3-0*5 cm central 
contrast-enhancing lesions were seen in both cerebral 
hemispheres and in the other a ring-enhancing lesion was 
leai in the right cerebellar hemisphere. Greater contrast 
enhancement was seen with NMR than with CT in 8 cases, 


485 

an equal degree of enhancement was seen in 3 cases, and less 
enhancement was seen in 1 case. 

The extent of the tumour as defined by the margin of ring 
enhancement or that of the central enhancement was better 
seen with NMR in 5 cases, equally well seen in 3 cases, and 
better seen with CT in 1 case. In the 3 remaining cases, the 
boundary between tumour and oedema was poorly defined 
with both NMR and CT. 

No untoward symptoms were noted by any of the patients 
during the NMR scans or in the subsequent 24“48 h. The 
flushing sensation and nausea experienced by many patients 
after injection of conventional iodinated contrast agents for 
the CT examinations were not experienced after Gd-DTPA 
injection. 

No significant change was seen in urea, creatinine and 
electrolyte examinations, liver function tests, blood screen 
and coagulation studies after Gd-DTPA injection. No 
abnormality was seen on urine microscopy after Gd-DTPA 
administration. 



Fig I—Astrocytoma grade IV; transverse Inversion-recovery (lR |5lKl| , 50(f/<|4 ;i scans before (A) and after 
(B) Gd-DTPA injection. 

Tumour and oedema are seen in left frontal region (A). After Gd-DTPA administration a light ring of 
enhancement is seen around the bulk of the tumour- 



Pi R 2—Metastasis from carcinoma of the bronchus: sagittal spin-echo scans before (A) and after (B) Gd- 

DTP A injection, 

A dark lesion is seen in cerebellum (A), There Is enhancement after Gd-DTPA (B). 
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DISCUSSION 

Contrast enhancement with Gd-DTPA of MMR images of 
cerebral tumours resembles that seen with CT and in many 
cases is superior. The NMR demonstration of the margin 
between tumour and peritumoral oedema compared 
favourably with that seen with contrast-enhanced CT. 
Stereotactic biopsy studies have shown that tumour may 
extend outside the region of enhancement shown with X-ray 
CT, nevertheless contrast enhancement is a useful indication 
of the site of the bulk of the tumour and provides a guide for 
biopsy studies and radiotherapy planning in patients treated 
without biopsy. 

Gadolinium-DTPA is a tightly bound chelate between the 
rare earth Gd and DTP A. After intravenous injection it is 
distributed within the vascular system and is excreted 
unchanged through the kidney. The unpaired electrons in 
Gd + + + give it a large magnetic moment and enable it to 
interact with protons, decreasing the time required for their 
return to equilibrium after they have been perturbed by 
radio-frequency pulses during NMR imaging. This is 
expressed as a decrease in the proton relaxation times Tj and 

T,. 

The contrast seen between tumours and normal tissue on 
NMR images is usually a result of an increase in tumour T, 
and T 2 . Gd-DTPA accumulates in tumours as a result of 
ex tr avascular leakage and changes the appearance of tumours 
by decreasing their T 3 and T 2 . 

Disadvantages of Gd-DTPA include the need for 
intravenous injection and the increased time necessary for 
pre-contrast and post-contrast scans. There are also potential 
problems with spin-echo sequences ifthe concentration ofthe 
contrast agent is too high and produces marked shortening of 
T 2 with a reduction in signal intensity. 

More work will be required to establish the optimum dose, 
time of examination,, and pulse sequence for particular 
clinical situations and to study the incidence of side-effects, 
but Gd-DTPA is likely to be of considerable value in NMR 
imaging of the brain as well as the rest ofthe body. 

We are graieful to the Department of Health and Social Security and in 
particular Mr John Williams, and Mr Gordon Hsgson for their continued 
support and encouragement. 

Correspondence should be addressed to G. M. &., Department ofDiagnosiic 
Radiology, Royal Postgraduate Medical School, Hammersmith Hospital, Du 
Cane Road, London WI2 OHS. 
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Reviews of Books 


An Introduction to Community Medicine 

Charles du V. Florey, Peter Burney, Michael d'Souza, Elite Strive ns, trsj 

Peter West, St Thomas' Hospital Medical School, London. Edinburgh: 

Churchill Livingstone. 1983. Pp 134. £3.95. 

This short, readable, affordable, soft-backed text has art elder 
brother now in it* third edition. Barker and Rose's Epidemiology in 
Medical Practice (Churchill Livingstone). The limited range ofthe 
latter justifies a broader text which in turn has led to five author) 
contributing not only on subjects inherent in everyday medicine hit 
also on its interfaces with economics, planning, and government 
policy. The book starts by discussing the different perspectives on 
ill-health from the patient’s self-percept ion of “illness”, to 
1 ‘complaint’ 1 , “sickness” and the label of “disease” awarded by th< 
doctor, and it plumps for “health-problem” as the best overall term 
for disease. It then reviews the information available on healsh- 
problems, starting with death certificates and going on to morbidity 
data. The story ofthe great smog of 1952 is used for a casesiudyon 
how initial epidemiological detective work led {eventually) to public 
realisation of the need for a change from an unhealthy way or living 
and thus to government legislation. Chapters follow on [he opt tom 
for treatment and prevention, on assessment of efficacy and 
effectiveness, on economic choices in medical care, and on the 
background to policy formation and health service management. 

On the whole the book is successful, but the multiple authorship 
and need for brevity have made the text disjointed in places and have 
resulted in two different views on the value of exercise appearing on 
consecutive pages. The book is at ks best in describing a broad range 
of community-medicine case-studies; it is less successful in woolly 
self justificatory pleading for community medicine which should 
not now be necessary. The following quotation is an example - is ii u 
compliment or criticism? “The position of the GP within the 
health-care system is unique and his approach to health problems 
provides the greatest argument for the value of a community 
perspective on the problem of ill-health.” 

Barker and Rose’s book has greater cohesion over a much more 
limited range. The area of overlap between the two books is of 
course in epidemiology. Unfortunately the authors have used 
different definitions for terms such as attributable risk (Morey rt al 
using the attributable risk fraction and Barker and Rose using ihc 
excess attributable risk). This difference may sorely vex student* 
keen enough to study both books. Perhaps this can be reconsidered 
in any rations. 

Cardiovascular Epidemiology Unit, 

Nineu til: Hospital and Medical School. 

Dundee H. TuNSTALI- 1*EIWH 


Autonomic Failure 

A Textbook of Clinical Disorders of the Aatammfc Nervous Svsrcut, Rrfied 
by Sir Roger Btfnmsier, National Hospital for Nervous Diseases, I .ondern, 
Oxford: Oxford University Press. 1983. Pp 666. £45* 

Disorders ofthe autonomic nervous system impinge on differcii 
disciplines, and the present volume, which draws these thread! 
together, is particularly welcome. Much is still unknown about the 
structure and function of the autonomic nervous system, and the 
intention, which is achieved, is to review recent advances in ihk 
area. The two common themes that run through che book are those 
of clinical description and measurement—to a large extent a 
reflection of the w r ay that advances have occurred, with the lendcncy 
ofthe clinician to describe and categorise being complemented by 
that ofthe experimentalist to open up previously inaccessible area! 
to study. 

The book begins with a short overview of autonomic failure and 
the control and integration of function. The rest of the book it 
divided fairly equally between a consideration of (primary) 
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Characteristics of 
Gadolinium-DTPA Complex: 

A Potential NMR Contrast Agent 



Chelation of the rare-earth element gadolinium (GUI) with diethylenetriaminepenta- 
acetic acid (DTRA) results in a strongly paramagnetic, stable complex that is well 
tolerated in animats. The strongly paramagnetic gadolinium complex reduces hydrogen- 
proton relaxation times even in low concentrations (less than 0.01 mmol/L), The phar¬ 
macokinetic behavior of intravenously delivered Gd-DTPA is similar to the well known 
iodinated contrast agents used in urography and angiography; excretion is predomi¬ 
nately through the kidneys with greater than 90% recovery in 24 hr r The intravenous 
LD« of the meglumine salt of Gd-OTPA is 10 mmol/kg for the rat; in vivo there is no 
evidence of dissociation of the gadolinium ion from the DTPA ligand. The combination 
of strong proton relaxation, in-vivo stability, rapid urinary excretion, and high tolerance 
favors the further development and the potential clinical application of gadolinium-DTPA 
as a contrast enhancer in magnetic resonance imaging. 


Recent developments in nuclear magnetic resonance (NMR) technology have led 
to a new and extremely promising diagnostic technique, proton NMR tomography. 
Using a suitable radiofrequency pulse sequence (saturation-recovery, inversion- 
recovery, or spin-echo), it is possible to obtain images of high quality that often aid 
in the characterization of pathologic processes, especially within the brain [1-10]. 
Differentiation of tissue from normal is provided when a distinction exists between 
the spin-lattice and/or spin-spin relaxation times of a lesion and those of surrounding 
normal tissues. Other factors that influence signal intensity, such as hydrogen- 
proton concentration and proton motion, seem to play a lesser role than relaxation 
times in most cases. 

If differences in relaxation times between contiguous healthy and pathologic 
tissues are only insignificant, or even identical, differentiation is impossible by NMR 
tomography [11]. Diagnosis is made more difficult by the fact that relaxation times 
of various malignant and benign lesions or normal tissue may overlap [12], Another 
feature of NMR imaging that may be regarded as a disadvantage in comparison 
with conventional imaging techniques is that the NMR image does not provide a 
direct measurement of organ function [11]. 

Recent investigations indicate that paramagnetic compounds used as NMR 
contrast agents may augment the diagnostic yield from NMR tomography by 
enhancing the contrast between magnetically similar but histologically dissimilar 
tissues and by providing a direct measure of organ function [13-19]. Alternatively, 
continued development of NMR technology and the use of sophisticated computer- 
assisted analyses may render contrast agents unnecessary. 

To date, experiments with NMR contrast agents have focused on three different 
types of paramagnetic substances. The first type belongs to the group of nitroxyl 
stable-free radicals; these compounds, containing one unpaired electron, have 
been shown to be relatively stable, to be well tolerated in experimental animals, 
and to decrease proton relaxation times [19]. Transition elements and rare-earth 
elements constitute the second major group of paramagnetic substances with 
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potential as NMR contrast agents. Considerable attention has 
focused on the bivalent manganese ion (Mn a+ >, which owes 
its high degree of paramagnetism to five unpaired electrons 
[20]. Due to the potential of the Mn 2+ ion to undergo spon¬ 
taneous oxidation leading to a change or loss of paramagnetic 
properties and because of prolonged retention within the liver, 
the in-vivo possibilities may be limited. A third class of para¬ 
magnetic compounds is represented by molecular oxygen, 
which is paramagnetic by virtue of two unpaired electrons 
with parallel spins that do not cancel. Oxygen used as a NMR 
contrast agent has the disadvantage that within an organism, 
the molecule may rapidly lose its paramagnetic properties 
(e.g., in the formation of diamagnetic oxyhemoglobin) [21]. 

The general aim was to find a compound that remained 
stable in vivo, had a powerful influence on proton relaxation 
times, but was free of toxic effects in doses appropriate for 
contrast enhancement in vivo. Moreover, it was essential that 
the compound undergo tissue-specific or, at least, compart¬ 
ment-specific distribution in the Jiving organism. 

Gadolinium (Gd). a rare-earth element the ion of which 
(Gd 3 ~) has seven unpaired electrons, also has an unusually 
strong hydrogen-proton spin-lattice relaxation effect (fig. 1) 
[20]. The gadolinium ion has been used as a paramagnetic 
proton-relaxation probe in NMR biochemical studies [22], 
Because of poor tolerance for unaltered gadolinium ions, a 
means of detoxification is necessary for in-vivo administration 
[23|. Since the atoms of the rare-earth elements do not form 
stable, covalent bonds with organic molecules, the paramag¬ 
netic Gd ion might be detoxified by complexation. Gadolinium 
is known to form stable chelates with ethylenediaminetetra- 
acetic acid (EDTA) and diethylenetriaminepentaacetic acid 
(DTPA); the formation constants (log k) for Gd-EDTA and Gd- 
DTPA are 17 and 22-23, respectively [24]. Our study exam¬ 
ines the in-vivo stability, pharmacokinetics, and toxicity of Gd- 
DTPA and compares it with Gd-EDTA and gadolinium chlo¬ 
ride. 


Materials and Methods 

Gadolinium chelates were synthesized by incubation of Gd 2 0 3 
(Auer-Remy, Hamburg, W. Germany) and the corresponding ligands. 
The synthesis of Gd-DTPA is an example A suspension of 43.5 g of 
GD 2 0 3 and 94.5 g Of DTPA in 1,2 L water was stirred, while being 
heated to 90 c C to 10G°C, for 48 hr. The undissolved material was 
then filtered off, and the filtrate was evaporated until dry. 

The addition of N-methylglucamine yielded water-soluble salts of 
the gadolinium chelates, ethylenediaminetetraacetic add (Gd-EDTA) 
and diethylenetriaminepentaacetic acid (Gd-DTPA) as described in 
the published patent application [25]. A 0.5 mol/L solution of dime- 
glumine-Gd-DTPA has an osmotic pressure of 49.8 atm (1.94) osmol/ 
kg) and a viscosity of 2.9 mPa.s measured at 37 °C by vapor-pressure 
osmometry and capillary viscosimetry, respectively. Free gadolinium 
ions were not detectable (below 0.01 %) by use of xylenot orange as 
indicator [26], Aqueous gadolinium chloride and diatrizoate (Angio- 
grafin [corresponds to Angiovist]) were used as reference solutions. 

Proton Relaxation Effects 

The effects of the paramagnetic compounds on proton relaxation 
times were measured in aqueous solutions at 20 MHz (0.47 T) using 



[ 20 ], 


a pulse NMR spectrometer (Minispec pc 20, Broker, Karlsruhe, W 
Germany) for inversion-recovery and Carr-Purcell-Meiboom-Gill pulse 
sequences. 


Tolerance 

The acute intravenous tolerance (LD.*) of test solutions was aval 
uated by administration of different volumes of each agent directly 
into the tail veins of rats. Outbred male and female rats (strain; Wisfar- 
Han-Schering) weighing 90-110 g were given a single intravenous 
injection at one of two to four dose levels; three to six animals were 
given each dose. The injection rate was 2 ml/min and the rats were 
observed for 7 days after the injection. The concentration of test 
solution was 0.5 mol/L Gd-DTPA, 0.1 mol/L GdCl 3 and Gd-EDTA, or 
306 mg I/ml for diatrizoate. The amount of compound producing 50% 
mortality (LD M ) was determined by interpolation from the results of 
different dose levels. A 0,5 mol/L solution of Na 3 Ga-DTRA (Heyl, W, 
Germany), a chelating drug used to treat heavy-metal poisoning, was 
also tested for LDso as a comparison. 

Neural tolerance was assessed by intradsternal injection in male 
and female rats. The amounts of each compound producing 50% 
morbidity (ED W ) (lack of motor coordination or epileptoid fit) and 50% 
mortality (LDso) were determined by interpolation from the results ol 
four to 10 dose levels, each administered to 10 animals [27], 

Because the in-vivo tolerance of contrast media correlates with 
the hydrophylicity, the partition coefficients of Gd-DTPA and diatri- 
zoate were determined in a n-butanol-buffer mixture at pH 7.6 [28]. 
In order to establish whether Gd-DTPA causes some of the side 
effects known from radiographic contrast media the potential infill 
enoe of Gd-DTPA and diatrizoate on the complement system was 
measured using the method of activation described by Mutzei et ai. 
[29]. 

Pharmacokinetics 

Pharmacokinetic studies were performed with 153 Gd-labeled com 
pounds: ,&3 GdCl 3 (382 MBq/mg Gd, Amersham, England) was added 
to a 0.25 mol/L solution of un labeled GdClj; l53 Gd-labeled Gd-DTPA 
was prepared by incubation of 153 GdCJ 3 and DTPA. On the basis of 
molar concentrations, the amount of DTPA was 10% higher than tlx> 
amount of the radioactive material; pH was adjusted to 7.2 by addition 
of N-methylglucamine. A small amount of this solution of high specif* 
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2 rtivity (high radioactivity but tow Gd concentration) was mixed with 
Ob moi/Lof urlabeled Gd-DTPA. The specific activity of the resulting 
Million, used for the study of excretion and organ distribution, was 
?MBq/mmol; for blood- and plasma-level studies, an activity of 0 15 
‘^/Tranol was used, Free gadolinium was not detectable (below 
0 (11%) by means of thin-layer chromatography or xyienol orange as 
(Mtcaior [26]. The 153 Gd activity was measured with the aid of a 
mma scintillation counter (Compu Gamma 1282, LKB/Wallac, Fin- 
and) 

Renal and fecal excretions were analyzed for 7 days after intrave¬ 
nous administration Of 0 5 mmol/kg radiolabeled Gd-DTPA or 025 
mmol/kg radiolabeled GdCl 3 in five male rats (140-160 g). In another 
rtneriment using five rats, serial blood, urine, and plasma concentra- 
*“15 of Gd-DTPA were determined for 3 hr after intravenous injection 
^0.5 mmoi/kg. For each time point, blood was taken from three to 
jve animals. Half-fives of Gd-DTPA disappearance were then calcu- 
siea for blood, plasma, and urine from levels of radiolabel; values 
based on computer calculation using an open one-compartment 
'riodel [30], Gadolinium concentrations in kidney, liver, and spleen 
and ehe amount of gadolinium remaining in the organism were deter¬ 
mined 7 days after injection. 


Results 

Safari Relaxation Effects of Gadolinium Compounds 

The free gadolinium ion (Gd 3 *) and the two gadolinium 
plates produced distinct effects on the II and T2 relaxation 
«nes of hydrogen protons in aqueous solutions (table 1); 
Teases in the concentration of these paramagnetic agents 
■ suited in a decrease in both T1 and T2 relaxation times. A 
"might-line relation was observed between concentration 
ard the reciprocal value of relaxation times in the range of 0- 
i mmnol/L. Chelation with either EDTA or DTPA reduced the 
"ararmgnetic properties of nonchelated gadolinium. The pro¬ 
in relaxation times of demineralized water were reduced by 
nmt with about 50 ^mol/L gadolinium chloride and about the 
amount of Gd-EDTA, but almost 80 ^mol/L was re- 
i!f ed to achieve the same proton relaxation effect with Gd- 
R1PA. 


France 

Far gadolinium chloride and Gd-EDTA, half of the animals 
miigated died after a dose of less than 1 mmot/kg (table 
Gd-DTPA demonstrated a considerably better tolerance; 
for this chelate, the LDso was 10 mmoi/kg. For comparison, 
ine LDso was 18 mmol/kg for the iodmated radiographic 
wast agent, diatrizoate, corresponding to about 7 g J/kg. 
for Gd-DTPA and diatrizoate administrations, the animals 
Hied within the first 3 hr. For Gd-EDTA and GdCI 3 , some 
SfHmals died several days after administration, implying a 
Cerent form of toxicity, 

Animals receiving subarachnoidal administrations of GdCl 3 
w Gd-EDTA displayed a poorer tolerance than that shown 
Gd-DTPA and diatrizoate (table 3), Tolerance to free 
JidoSnium ions was lowest of all gadolinium agents for the 
^lracistemal route. In the case of GdCL, the values of the 
0T and LD M were virtually identical, meaning that minor 
^urotoxic effects were immediately followed by severe and 


TABLE 1: Relation of Proton Relaxation Rates and 
Concentrations of Paramagnetic Agents 


Agent 

Relaxation Rate 

GdCh: 

T1 . 

T1-' (sec'') = 0.49 + 9.09 x C 

T2. 

T2* 1 (sec’ 1 ) = 0.65 +10.3 xC 

Meg lum ine-Gd- EDTA: 

T1 . 

T1 -1 (sec~‘) = 0.44 + 6.89 x C 

T2. 

T2 _1 fsec" 1 ) = 0.55 + 8.19 x C 

Di meglum ine-Gd-DTP A: 

T1 . 

T1 _1 (sec -1 ) = 0.39 + 4.52 x C 

T2. 

. . T2-' (sec’ 1 ) = 0.50 + 5.66 x C 


Mote.— influence of concentration, C (mmoi/L), of gadolinium compounds oci the Ti and 
T2 relaxation times of Hydrogen protons of wafer at 20 MHz. Values were calculated using 
regression analyses of the relation 1/Tvs.Cm concentration range Q-i nnmoi/L. 


TABLE 2: Acute Lethal Toxicity 


Agent 

Dose 

(mmoi/kg) 

NO.0MI* ">'X a,Kl 
NaR * S „>■ 

Meglumine diatrizoate. 

12 

0/4 



20 

1/4 

18 


28 

4/4 


GdCL. 

. . 0.3 

0/5 



0.45 

2/5 

O.S 


0.6 

5/5 


Megl umine-Gd-E DT A 

. , 0,3 

2/3 1 

0.3 


12 

5/5 1 

DimegluiTii ne-Gd-DTP A 

. 2.5 

0/4 



7.5 

0/4 

• 10 


12.5 

4/4 


Na^Ca-DTRA 

1 

0/6 



2 

2/6 

5 


4 

0/6 



6 

6/6 



' LD H in male and female rate (90-110 g) after intravenous micction [2 ml/mn). 


lethal toxicity. The overall best neural tolerance was observed 
for gadolinium chelated with DTPA; for Gd-DTPA, the values 
of the LDso were 10 times higher than ED 50 values with both 
routes Of neural administration. 

Both Gd-DTPA and diatrizoate are very hydrophilic sub¬ 
stances, Partition coefficients (log P) of -2,7 and “1.3 were 
measured for the gadolinium chelate and the iodinated con¬ 
trast agent, respectively. However, the butanol-buffer parti¬ 
tion coefficient of Gd-DTPA is about 25 times smaller than 
that of the iodinated compound. 

The in-vitro investigation of complement activation showed 
that 50% of piasma complement remained at a diatrizoate 
concentration of 0.4 mol/L. In the case of Gd-DTPA, practi¬ 
cally no influence on the complement system was detected; 
50% activation required 2.5 mol/L. 


Pharmacokinetics 

At 5 min after intravenous injection of 0,5 mmoJ/kg Gd- 
DTPA into the rats, about 10% of the dose could be detected 
in the whole blood volume. The blood concentration subse¬ 
quently decreased with a half-life of about 20 min (fig, 2). Gd- 
DTPA apparently did not penetrate the cell membrane of 
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TABLE 3: Tolerance after In trad sternal Administration in Rats 


Agent 

Dose - 

(mmoVkg) 

NO 

Reactors 

no- Fn 

Deaths ED “ 

LDm 

Meglumine diatrizoate. 

. . . . 4 

1 

NE 




8 

2 

NE 




13 

5 

NE 




17 

7 

NE 




21 

32 

10 

ME 

NE 

1 

■ 11 (8-15) 

55 [44-67) 


42 

NE 

3 




63 

ME 

6 




84 

NE 

8 




128 

NE 

10 



GdCts. 

3 

3 

NE 




4 

3 

0 




6 

5 

2 

6 (4-8) 

8 (7-10) 


8 

7 

6 



17 

10 

10 



Meglumine-Gd-EDTA. 

8 

2 

NE' 




16 

27 

7 

NE 

1 

6 

12 (4-8) 

23 (19-27) 


32 

10 

9 



Dimeg lumlne-Gd-DTPA 

17 

0 

NE 




33 

3 

NE 




67 

4 

NE 




133 

7 

NE 




198 

9 

NE 

74 [49-112) 

650 (544-800) 


417 

NE 

1 




617 

NE 

5 




833 

NE 

8 




1233 

NE 





Note.—NE ■= Nol evaluated; numbers in parentbeses are 95% confidence iruervats. 
*n = 10per dose. 



Fig. 2.—Blood level and urinary excretion of lM Sd-DTPA after intravenous 
injection of 0.5 mmotykg in five male rats {140-160 g body weight). 


blood cells; the concentration in plasma remained 1.6 times 
higher than in blood over 2 hr of observation. 

A half-life of about 20 min was observed for renal excretion 
up to 3 hr after injection. By 3 hr, more than 80% of the 
compound had been excreted from the organism in urine 
(table 4). By 7 days*after intravenous injection, a total of 90% 
of the dose had been recovered in the urine and another 7% 


TABLE 4: Excretion and Tissue Distribution after Intravenous 
Injection of 1S3 Gd-DTPA in Rats 


Gd-DTPA 

Tune after 
Dose 
(days)* 

%cf 

AdmirfcsiefHJ 

Dose 

Excreted: 

Urine. 

. 0-3 hr 

87.6 ±1.9 


0-1 

89.2 ± 2.6 


0-7 

89.7 ± 2.7 

Feces . 

. 0-1 

5 ±3.5 


0-7 

7,4 ±4.5 

Residual: 

Liver. 

. 7 

0.08 ± 0.01 

Spleen . 

. 7 

0.01 

Kidney . 

. 7 

0.1 ±0.03 

Remaining body. 

_ 7 

0.21 ±0.05 

Total recovery. 

.. 7 

97.5 ±3.0 


Note.—Data Irtxn injection of C.S mmol/fcg lsa <ad-DTPA in five mate rats weighing t-H) 
ISO g, 

' Time given in days unless indicated otherwise. 


was recovered in the feces. Less than 0.3% of the given dose 
was found in the organism, with 0.08% of the dose being 
detected in the liver and 0.1% in the kidneys. 

By 7 days after intravenous injection of radiolabeled GdC 
only 2% of the dose had been excreted. The major portion 
was discovered in the liver and spleen, about 60% being in 
the liver and 25% in the spleen (table 5). 
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r ABLE 5: Excretion and Tissue Distribution after Intravenous 
,ilection of tM GdCl a in Hats 


GdCl 3 

Tima after 
Dose 
(days)' 

AtJmmislered 

Dose 

Excreted: 

Urine. 

. ... 0-3 hr 

0.05 


0-1 

0.07 


0-7 

0,1 ±0,0 

Feces . 

. 0-1 

0,6 ±0.4 


0-7 

2,1 ±0.5 

Residual: 

Liver. 

. 7 

56.1 ±8.9 

Spleen . ... 

. 7 

25.3 ±3.7 

Kidney.. 

. 7 

0.6 ±0.1 

Remaining body . 

. 7 

16.3 ±2.3 

;tal recovery . . 

. 7 

100.6 ±8 9 


Not*.—Oata from tfipeiion of 0.25 rnmcH/hg ,M GdCt 3 in five mala rais weighing 140-160 


■ Time given in days unless indicated otherwise, 


Discussion 

Of ail elements, gadolinium has the strongest influence on 
II relaxation times of hydrogen protons (fig. 1) 120]. This 
powerful proton-relaxing effect of gadolinium can be attrib¬ 
uted to a complex interplay of several factors including a 
strong magnetic moment, long electron-spin-relaxation time, 
isotropy of g-tensors, rotational tumbling time, configuration 
and mobility of molecules of hydration, and proximity of 
nvdrogen nuclei to the paramagnetic center [31,32]. Chelat- 
m gadolinium to EOT A or DTPA reduces, but far from 
eliminates/ gadolinium's strong influence on proton II and 
T.: relaxation. 

The coordination number of Gd 3+ is estimated to be 9 or 
10 [22, 33], Thus, using DTPA with eight coordination sites 
as a cheiation ligand, only eight of gadolinium's nine or 10 
possible coordination sites could be filled. This leaves at least 
ane or two sites open for fast-exchanging water protons to 
approach closely to the paramagnetic center of the complex, 

Dton relaxation enhancement is directly proportional to the 
number of available coordination proton ligands per paramag- 
w tic ion. Thus gadolinium complexes (Gd-DTPA and Gd- 
^DTA), compared with the nonchelated gadolinium species, 
mt\6 be predicted to have reduced proton relaxation effects 
on water molecules. This prediction was supported by our 
experimental results. To obtain the same influence on proton 
taxation as that achieved with the free gadolinium ion, the 
concentration of Gd-DTPA must be about twice as high. 

The complexation of gadolinium with EDTA produced little 
or no improvement in tolerance compared with gadolinium 
enloride. Whether the chemotoxicity of the entire complex 
Eself or a dissociation of the gadolinium ion from the EDTA 
*gand within the body caused the effect is not clear. It may 
De that the Gd-EDTA stability constant of about 1G 17 is 
Sufficient to prevent the interaction of free gadolinium ions 
Him high-affinity binding sites of enzymes. DTPA binds 
Gadolinium several magnitudes more tightly (log k = 22) than 
EDTA [24]. Gd chelation with DTPA does, in fact, produce a 
compound with much improved tolerance. The LDso is higher 


than that of Na^Ga-DTPA, which is a compiexing agent used 
as an antidote for heavy-metal poisoning in man. 

The acute intravenous tolerance (LD W ) of Gd-DTPA in rats 
is in the range of that of the most commonly used radiographic 
contrast agent, diatrizoate. The neural tolerance of Gd-DTPA 
is several times better than for diatrizoate. A high neural 
tolerance is particularly advantageous if a compound may 
pass the blood-brain barrier. 

According to the hypothesis of Lasser (Lang et ai, [34]), 
activation of the complement system by radiographic contrast 
media is correlated to certain of their untoward anaphylactoid 
reactions, Gd-DTPA, a very poor activator of the complement 
system, would not be expected to produce such adverse 
reactions. 

The combination of gadolinium with DTPA reduces the 
toxicity of the two separate components, gadolinium and 
DTPA [35]. This is reflected in the pharmacokinetic behavior 
after intravenous administration of Gd-DTPA compared with 
gadolinium chloride. Whereas the gadolinium ion is largely 
retained by the organism, in particular in the liver and spleen, 
Gd-DTPA leaves the body within the first few hours after 
intravenous injection. Compared with GdCI 3 , there is no re¬ 
tention of gadolinium in liver and spleen. There seems to be 
no dissociation of gadolinium from the Gd-DTPA complex 
within the body. 

The short (20 min) half-life of Gd-DTPA in blood and urine 
and the predominate renal elimination suggest that the com¬ 
pound has very little if any interaction within the body The 
stable ratio of concentrations between plasma and blood and 
the fate of Gd-DTPA in the organism lead us to postulate that 
this complex is distributed exclusively extracellularty. The very 
high hydrophiiicity, the charge, and the rather large molecular 
weight of Gd-DTPA (about 550) probably account for its 
exclusion by biologic barriers such as ceil membranes. Gd- 
DTPA would be expected to remain within the extracellular 
space and not to penetrate the normal blood-brain barrier. 

From the pharmacokinetic and in-vitro proton relaxation 
data for Gd-DTPA, we predict that an in-vivo dose of 0.1 -0.5 
m mol/kg would produce a significant tissue enhancement on 
NMR images. This predicted diagnostic dose is Vim to V 20 of 
the observed LD 50 dose, a wide margin of safety. Independent 
from our study, Fobben and Woif [36] have called attention 
to Gd-DTPA as a potential NMR myocardial contrast agent 
and noted an absence of cardiotoxicity. 

In summary, our results indicate that Gd-DTPA is an agent 
capable of strong proton relaxation enhancement with rela¬ 
tively high in-vivo tolerance. This hydrophilic complex is rapidly 
excreted, predominately in the urine, and apparently does not 
dissociate in vivo. These characteristics favor the use of Gd- 
DTPA as an NMR contrast enhancer. 
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Contrast-Enhanced NMR 
Imaging: Animal Studies Using 
Gadolinium-DTPA Complex 



Gadolinium (Gd)-DTPA complex was assessed as a nuclear magnetic resonance 
{NMR) contrast-enhancing agent by experimentally imaging normal and diseased ani¬ 
mals. After intravenous injection, Gd-DTPA, a strongly paramagnetic complex by virtue 
of unpaired electrons, was rapidly excreted into the urine of rats, producing an easily 
observable contrast enhancement on NMR images in kidney parenchyma and urine. 
Spin-echo intensity of urine within the renal pelvis increased from 2263 to 4414 units; 
intensity of renal parenchyma increased from 2901 to 3893 after administration of 0.1 
mmol/kg Gd-QTRA. Sterile soft-tissue abscesses demonstrated an obvious rim pattern 
of enhancement. A focus of radiation-induced brain damage in a canine model was only 
faintly detectable on spin-echo NMR images before contrast administration; after 0.5 
mmol/kg Gd-DTPA administration, the lesion intensity increased from 3867 to 5590. In 
comparison, the normal brain with an intact blood-brain barrier remained unchanged in 
NMR characterization. Gd-DTPA is a promising new NMR contrast enhancer for the 
clinical assessment of renal function, of inflammatory lesions, and of focal disruption of 
the blood brain barrier. 


ions and molecules containing unpaired electrons demonstrate a paramagnetic 
behavior when placed in an external magnetic field. Strongly paramagnetic sub¬ 
stances are potentially useful as contrast-enhancing agents for nuclear magnetic 
resonance (NMR) imaging because they hasten relaxation rates of protons in their 
microchemical environment; T1 and T2 values are shortened [1-5]. 

Gadolinium ions (Gd 3 *) from the lanthanide series of rare-earth elements contain 
seven unpaired electrons In the 4-f electron orbitals, a position well protected from 
chemical interactions with other atoms. These electrons provide gadolinium with 
strong paramagnetic properties [6]. Gd 3+ can be chelated with diethyl- 
aminetriaminepentaacetic acid (DTPA) to form a stable complex (Gd-DTPA) with a 
formation constant of I0 aa ~ as [7]. The meglumine salt of Gd-DTPA after intravenous 
administration is rapidly excreted into the urine with a small proportion appearing 
in feces. The pharmacologic properties of Gd-DTPA including stability, pharmaco¬ 
kinetics, and tolerance are described in the accompanying article [4]; all these 
factors favor the further investigation of Gd-DTPA as an NMR contrast agent. 

We describe imaging experiments testing Gd-DTPA as an intravenous contrast 
agent for proton NMR imaging in animals. The ability of Gd-DTPA to contrast- 
enhance normally functioning kidneys was studied in rats. The potential to alter the 
signal intensity of edematous inflammatory lesions of the soft tissues was studied 
in rats and a dog The utility of Gd-DTPA to identify focal disruption of the blood- 
brain barrier was investigated in a dog with focal radiation-induced damage. Our 
purpose was to estimate the potential clinicai utility of Gd-DTPA-enhanced NMR 
imaging. 
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Materials and Methods 

NMR Imaging 

NMR spin-echo (SEHntensity images were obtained on a 0.35-T 
resistive NMR unit previously described [8]. The useful aperture for 
imaging was 6.5 cm in diameter. Five contiguous axial sections were 
obtained during a 7.0-min data acquisition period. Each slice was 4.2 
mm thick and spatial resolution was 1=0x1.0 mm. TR (pulse) interval 
was either 500 or 1000 msec; TE (echo delay) was either 28 or 56 
msec after the 90* radiofrequency (RF) pulse. The same imaging 
factors were used throughout the in vitro and rat imaging protocols. 
For each of the five axial sections, four spin-echo images were 
obtained designated as SE 500/28, SE 500/56. SE 1000/28, and SE 
1000/56 (the numbers indicating TR/TE). 

Mean intensity values, in arbitrary units of intensity related to the 
voltage of the received RF pulse, were determined for operator- 
defined regions of interest. Each region of interest contained at least 
50 pixels. Pixel-to-pixel standard deviation in each region of interest 
was also calculated. The receiver gain setting and RF output were 
not altered between pre- and postcontrast images. 

Imaging of Gadolinium-DTPA Solutions in vitro 

Gadolinium-OTPA (Gd-DTPA) as a meglumine salt was prepared 
as previously described [4} and the 0 5 mol/L stock solution was 
diluted with distilled water for in vitro imaging. Series of 7.0-ml test 
tubes filled with distilled water or gadolinium-DTPA in concentrations 
of 0.01, 0.1, 0.3, 0,75, 1,0, 15, 2.0, 5,0, and 20,00 mol/L were 
grouped together for NMR imaging. 

Urographic Imaging 

NMR spin-echo-intensity images were obtained in a series of five 
normal Sprague-Dawley rats weighing 300-400 g, Gd-DTPA was 
tested as an intravenous contrast-enhancing agent by injection into 
tail veins of rats anesthetized with pentobarbital [50 mg/kg intrapen- 
toneal). SE images through the level of the kidneys were obtained 
before and at 5,12, 30, 60. and 9Q min after Gd-DTPA injection. The 
doses of Gd-DTPA ranged from 0.01 to 1.0 mmol/kg. Intensity region- 
oT-interest measurements permitted the assessment of contrast en¬ 
hancement within the renal parenchyma and within the urine. 

Experimental Abscess imaging 

Sterile inflammatory lesions ("abscesses 1 ’) were induced in the 
subcutaneous tissues of three Sprague-Dawley rats at the level of 
the kidneys by injecting 0.4 ml of carrageenan (0.1% wt/vd) by a 
modification of the method of Winter et al, [9]. Local reaction to this 
mucopolysaccharide was allowed to develop over 4 hr. Then rats 
were imaged by NMR before and up to 120 min after intravenous 
injection of 0.1 or 1,0 mmot/kg Gd-DTPA. Carrageenan previously 
has been shown to produce an edematous pathologic lesion within 
soft tissues, reaching a peak effect in 3-5 nr [9], 

Radiation Cerebritis imaging 

A small focus of radiation-induced cerebritis was induced in a 7 kg 
beagle by surgical implantation of a 1& l seed directly into the right 
cerebral cortex for a 48-hr period [ID]. The calculated radiation dose 
to brain tissue 1 cm from the center of the seed was 1500 rad (15 
Gy). Seven days after extraction of the radioactive seed, the dog, 
anesthetized again by intravenous pentobarbital, was imaged using 
a 0.35 T superconducting NMR system previously described [11], 



Rg, 1 ,—SE 500/28 NMR images of aqueous solutions of Gd-DTPA. Higtesr 
intensity was observed at concentration of 1.5 mmol/L Not visible is 20 mnv 
L sample, which gave no detectable signal due to very short T2 relaxata 
time, less than 28 msec. 


From 500 and 150O msec TR spin-echo images, we calculated Tl 
and T2 images of the dog brain [12], The NMR imaging sequencer 
were performed before and up to 40 min after administration of 0.5 
mmol/kg Gd-DTPA. The injection was made slowly over 60 sec Fir* 
data acquisitions at 500 msec TR were begun at 5,10, 20, and 25 
min after injection. A data acquisition at 1500 msec TR was begun 
32 min after injection. An external reference solution, iron dextran. 
was placed in the imaging field to serve as a standard for consistency 
of pre- and postcontrast intensity and Tl and T2 values. 

The pathology induced by the 1Z5 i seed in this model has beer, 
described [10] and was reconfirmed in this animal. Briefly, a nonin¬ 
flammatory area of necrosis was seen within the white matter with 
loss of nuclei and with axonal swelling. Adjacent vessels showed 
protein-rich fluid in the perivascular and interstitial spaces. 


Results 

imaging of Gd-DTPA Solutions in vitro 

The 1,5 mmol concentration of Gd-DTPA produced the 
highest NMR intensity signal (12,123 units ± 463) compared 
with the baseline intensity of distilled water (2172 ± 325) (fig 
1), Intensity was also enhanced for the 0.01 mmol solution 
(2428 ± 367) and the 0,1 mmol solution (5335 ± 384). The 
20.0 mmol solution of Gd-DTPA had no observable signal and 
appeared black on SE images. This observation is compatible 
with a very short T2 relaxation time. A similar decrease in 
spin-echo intensity has been observed with other paramag 
netic agents, ferric ions and nitroxide free radicals, in high 
concentrations [2, 13]. 

Renal Imaging 

in the series of normal rats, the nonenhanced kidneys 
appeared as intermediate-intensity structures outlined by 
high-intensity perinephric fat The central collecting structure 
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Fug. 2.—SE 500/28 NMR image of norma! rat abdomen and retropentoneum. 
Low intensity of nortennanced urine in renal pelvis. Vascular structures wffii 
rapidly flowing blood, such as inferior vena cava (I VC), have even lower intensity 
than urine. 


were seen to contain tow-intensity urine (fig. 2). These obser¬ 
vations agree with those previously reported [3,14] (table 1), 

At 5 min after administration of Gd-DTPA in a dose of 01 
mmol/kg (the first image), there was an increase in renal 
parenchymal SE 500/28 intensity that reached a maximum of 
3893 ± 562 after 10 min. By 90 min, the contrast agent was 
still evident within the kidney and renal intensity was 3517 ± 
517. Accompanying the increase in renal parenchymal inten¬ 
sity, the urine within the renal collecting structures became 
much higher in intensity, appearing white (fig. 3}, 

A lowest effective orographic dose of Gd-DTPA was not 
determined from this series of animals because the lowest 
tested dose (0,01 mmol/kg) produced marked contrast en¬ 
hancement (fig. 4) within the urine. The parenchyma did not 
enhance significantly at this dose (<1 SD), Conversely, at the 
highest tested dose (1.0 mmoi/kg), there was evidence of 
nrompt renal excretion and diuretic effect; the renal callces 
oecame markedly distended (fig. 5), However, with this higher 
dose, the urine intensity decreased to lower than baseline 
"itensity at 5 min. This observation, corresponding to the in- 
visro observations of concentrations approximating 20 mmol/ 
L. indicates marked shortening of T2 relaxation times. Such 
marked T2 shortening is predictable from the spectrometric 
results noted for high concentrations of Gd-DTPA [4], The 
same rat, by 85 min after administration, presumably when 
Gd’DTPA was more dilute within the urine, had increased SE 
^tensity in the renal pelvis and parenchyma (table 1), 

Experimental Inflammation Imaging 

The NMR images of flank inflammatory lesions induced by 
carrageenan were strongly enhanced after intravenous ad¬ 
ministration of 0,1 mmol/kg Gd-DTPA (fig. 6). The 5-min image 
revealed a rim pattern of enhancement that filled in completely 
by 35 min. This change suggests a gradual accumulation of 


TABLE 1: NMR Characterization of in-vivo Rat Renal 
Compartments before and after Gd-DTPA Administration 


DOS* Of Cd-DTPA 
(mrnotyKg): 

Renal Conpartnwil 

S£ 50C/2S Intensity ± SD 

Time of 
intensity 
Measurement 
(min) 

Before 

Contrast 

After 

Contrast 

1.0: 




Parenchyma . 

3509 ± 396 

2355 ± 472 

5 



4089 ± 384 

85 

Urine 

2703 ± 297 

1197 + 416 

5 



3819 + 086 

85 

0.1: 




Parenchyma 

2901 ±412 

3893 ± 562 

10 

Urine 

2264 ± 490 

4414 ±533 

10 

0.05: 




Parenchyma 

3261 ± 896 

3783 ± 527 

5 

Urine. 

2902 ± 314 

4670 ± 573 

5 

0,01: 




Parenchyma . 

3890 ± 938 

3934 ± 690 

60 

Urine. 

2943 ± 391 

4281 ± 484 

5 


Gd-DTPA within the edematous inflammatory lesion; this ef¬ 
fect may be due to the gradual diffusion of the paramagnetic 
complex from the plasma into the expanded interstitial space. 
Normal soft tissues in the contralateral flank and the ipsilateral 
muscles did not change significantly in intensity. The higher 
dose (1.0 mmol/kg) of Gd-DTPA similarly produced a marked 
increase in SE intensity within carrageen an-induced lesions 
for up to 120 min after injection. 


Radiation-Induced Cerebritis 

The focal area of radiation damage in the right cerebral 
hemisphere of a dog induced by a 1Z5 I seed was barely 
perceptible as a low-intensity (3867 ± 316, SE 500/28) zone 
on the nonenhanced NMR spin-echo images. A large soft- 
tissue swelling over the calvaria at the site of craniotomy was 
lower in intensity than cerebral tissues (fig, 7). 

On all SE images at 5-32 min after intravenous inaction of 
0,5 mmoi/kg Gd-DTPA, there was an obvious intensity in¬ 
crease at the site of radiation damage. The accumulation of 
contrast agent can be assumed to result from focal disruption 
of the blood-brain barrier, The maximum SE 500/28 intensity 
increase (5590 ± 628) was observed at 25 min. The external 
reference standard, iron dextran, gave internally consistent 
SE 500/28 intensity values (mean 12,495 ± 35) for the five 
acquisitions at 500 msec TR. 

Similar to the carrageenan-induced flank abscesses, the 
surgical scalp lesion showed a rim pattern of enhancement 
after Gd-DTPA. 

T1 images, calculated from SE 500/28 and SE 1500/28 
data, demonstrated that the right cerebral lesion before con¬ 
trast had a relatively long T1 value (747 ± 107 msec) as 
compared with the contralateral normal brain (650 + 112 
msec) (fig, 8). A corresponding T1 image 34 min after Gd- 
DTPA administration (fig. 8) showed shortening of T1 to 633 
± 132 msec in the core of the lesion, suggesting accumulation 
of the paramagnetic contrast agent. Yet, adjacent to the zone 
of T1 shortening, a rim of persistently long T1 tissue (729 ± 
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Fig. 3.—SE 500/28 NMR images of or® re¬ 
arranged in temporal order {belt to right, top k 
bottom) before infra venous adminisfration of Q 
minoi/kg Gd-DTPA and 5, 10, 30. 60, and 90 mir 
after administration.. Increased intensity of r era, 
parenchyma and urine alter Gd-DTPA administra 
lion {see table 1). 



Fig. 4 — SE 1000/28 NMR images of rat before 
{A} and & min after {R} intravenous administrator, 
of Gd-DTPA {0-01 mmol/kg). High signal intensity 
in kidneys and urine after contrast 


A 


B 



Fig. 5.— SE 1000/28 NMR images of rat kidneys 
before (A) and 5 min after (B) administration of 1 
mmot/kg Gd-DTPA. Urine in distended renal pelves 
after injection rs very low in intensify, attributable to 
marked shortening of T£ with high dose of contrast 
agent. Renal parenchyma is also lower in infensily 
{see table 1). 


95 msec) was observed. This peripheral zone of tissue with 
long T1 is suggestive of an edematous zone without signifi¬ 
cant accumulation of paramagnetic contrast agent. The T1 
time of the normal left cerebral hemisphere remained essen¬ 
tially unchanged 34 min after Gd-DTPA administration (625 ± 
107 msec). The calculated T1 time of external standard 
solution was near constant, less than 0.5% difference be¬ 
tween the two calculations. 


Discussion 

Results indicate that Gd-DTPA complex, administered in¬ 
travenously to animals in experiments, accumulates in urine 
and certain diseased tissues to enhance intensity and in¬ 
crease contrast on spin-echo NMR images. Because of the 
rapid urinary clearance of Gd-DTPA, more than 85% of the 
injected dose appearing in the urine within 3 hr [4], the status 
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Fig. 5,—SE 500/28 NMR images of rat with chemicaily-iriduoed right flank 
jiscess. A, Before contrast administration. Soft-tissue thickening and rolativ&ly 
i ugh signal intensity compared with contralateral flank, B, 5 min after intrave- 



A B 



C D 


Fig. 7.—Precontrast SE 500/28 (A) and SE 1500/26 (B) NMR images of 
dr*n with focal radiation-induced cerebhtis demonstrated as faintly Jower- 
imenstty region in A. Edematous surgical wound in soft tissues overlying brain 
team, C, SE 500/28 image 25 min after 0-5 mmol/kg Gd-DTPA given intrave- 
jxjusty. D, SE 1500/28 image 7 min after C, Marked postcontrast signai- 
inlensity enhancement at site of radiation-induced cerebritis and in scalp wound. 


of renal functional integrity should be assessable by Gd- 
DTPA-enhaneed NMR imaging. Additional studies in animals 
with renal functional abnormalities need to be performed to 
assess more completely the sensitivity of Gd-DTPA-enhanced 
NMR urography. 


nous injection of 0,1 mmol/kg Gd-OTPA. Marked intensity increase within 
abscess, predominately in rim pattern. C 5 At 35 min. Gd-DTPA has reached 
core of abscess, producing more enhancement. 


The ability to contrast-enhance sterile inflammatory lesions, 
induced either by a chemical irritant or by surgery, is another 
clinically important property of the Gd-DTPA complex. From 
our observations it seems likely that Gd-DTPA distributes 
primarily in the intravascular, extracellular space and quickly 
passes into the extra vascular, interstitial space. A similar 
pattern of distribution is well established for diatrizoate, a 
commonly used radiographic contrast agent having a molec¬ 
ular weight of about 600. By comparison, the molecular 
weight of Gd-DTPA complex is 590, The composition of 
interstitial fluid within tissues is very similar to the plasma 
within the vascular compartment. Both fluids have rather long 
Tt relaxation times and yield low signal intensities on NMR 
images compared with the signal from highly cellular tissues. 
We postulate that after intravenous injection, Gd-DTPA in the 
plasma diffuses into the extra vascular, interstitial space and 
thus will conspicuously enhance tissues with a high proportion 
of interstitial fluid (e.g., edematous tissue). Conversely, tis¬ 
sues with a relatively large cellular part and small interstitial 
part would be expected to contain a relatively smaller con¬ 
centration of Gd-DTPA and thus to demonstrate little or no 
enhancement on NMR images. 

The ability of Gd-DTPA to contrast-enhance selectively a 
pathologic focus within the brain is perhaps the most clinically 
significant of the potential applications demonstrated. The 
results of our study, limited to one animal with focal radiation 
cerebhtis, suggest that Gd-DTPA contrast enhancement may 
aid in the differentiation of necrotic tissue from surrounding 
edema. Before clinical trials, a variety of central-nervous¬ 
sy stem-disease animai models should be tested with Gd- 
DTPA NMR imaging. 

The diagnostically effective intravenous doses of Gd-DTPA 
used in this study (0,01-0.5 mmol/kg) are far less than the 
LDso dose in rats (10 mmoi/kg) [4], In future imaging tests, 
using smaller Gd-DTPA doses, the ratio between LD S0 and 
lowest diagnostically useful doses may even be greater than 
the 1000:1 ratio suggested here. 

In summary, testing of Gd-DTPA as an NMR contrast- 
enhancing agent indicates that this paramagnetic complex 
can be used effectively in animals for a variety of diagnostic 
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Fig. 8.—T1 images of same dog shown n fig, 7 
calculated from SE intensity data. Long It 
are depicted as white: short T1 values are reteii'/eiy 
black on gray-scale assignments. A, Before con¬ 
trast. Long T1 value of cerebral and soft-tissue 
lesions. B, 34 min after administration of 0.5 mmoi^ 
kg Gd-DTPA. Postcontrast T1 shortening in center 
of cerebral lesion (blood-brain barrier [BBB] deled i 
is shown as black area. Surrounding zone of white 
indicates region of persistently long Tl, presumably 
zone of edema without significant accumulation or 
paramagnetic agent. 


A B 



purposes, Gd-DTPA is strongly paramagnetic, is rapidly ex¬ 
creted, can be prepared from readily available materials, is 
not metabolized in the body, and was well tolerated in our 
small group of animals. Gd-DTPA, used cl in really in patients 
after appropriate trials, may extend the diagnostic utility of 
NMR imaging examinations. 
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Interventional Radiology 

The subject of interventional radiology developed soon after the discovery of 
X-rays and continued unabated throughout the last century. The term interven¬ 
tional radiology itself was coined by Margulis in 1967 to describe the growing 
body of manipulative procedures performed by a physician skilful in radiological 
techniques and experienced in the clinical problems. 

Interventional radiology really began in the 1920s and the first use was in the 
treatment of intussusception in children. In 1921 Burckhardt and Muller reported 
on the percutaneous puncture of the gallbladder both in cadavers and in vivo. 

In 1929 the first documented human cardiac catheterization was performed by 
Dr Werner Forssman in Eberswalde, Germany. In 1941 Cournand and Richards 
employed the cardiac catheter as a diagnostic tool for the first time and used car¬ 
diac catheterization to measure cardiac output. These three pioneering re¬ 
searchers were awarded the Nobel Prize in 1956. 

In 1953, Seldinger described a new method of angiography using catheters 
rather than the direct needle itself. This opened up the way for pioneering work in 
angiography throughout the latter half of the 20th century. Odman, Tillander and 
Edholm performed pioneering early studies on selective angiography soon after 
Seldinger‘s original description and these techniques were introduced around the 
world by the pioneers in their respective countries. 

The diagnostic coronary angiogram was pioneered by the labors of Dr Mason 
Sones in 1958. This led to the concept of dilating the tubes and in 1964 translumi¬ 
nal angioplasty was introduced by Dr Charles T. Dotter. Meanwhile Dr Judkins in¬ 
troduced his catheters for the performance of coronary angiography in 1967. In 
1974 Dr Andreas Gruentzig performed the first peripheral human balloon angio¬ 
plasty. In 1976 Dr Gruentzig presented the results of his animal studies of coro¬ 
nary angioplasty at the American Heart Association meeting, where the delegates 
soon realized that this was a very important new technique. In 1977 Andreas 
Gruentzig performed the first percutaneous transluminal coronary angioplasty 
on an awake patient in Zurich. In 1978 Myler in San Francisco and Strertzer in 
New York performed the first cases in the United States. Intravascular coronary 
stents were reported in the 1980s, with an important contribution made by U. 
Sigwart. The use of stents in the peripheral vasculature had been pioneered by the 
studies of Palmaz and Strecker. The first stents developed by Dotter were made of 
nitinol. Gianturco introduced his self-expandable Z stent, Strecker a knitted tanta¬ 
lum stent and Palmaz a balloon expandable stent. Today insertion of stents in the 
peripheral vascular system is routinely performed after angioplasty in order to 
keep the vessels patent. 

In the biliary system percutaneous transhepatic cholangiography was first de¬ 
scribed in 1937. Extraction of retained common duct stones was reported in 1962 
by Mondet. Burhenne, however, built up a formidable experience with this partic¬ 
ular technique with a success rate of 95% in 661 patients treated between 1972 and 
1979. Stents were used in the biliary system as early as 1978. Today they are used in 
the peripheral vascular system through the shunts, in the tracheo-bronchial tree 
for stenosis from tumour, in the biliary tract for stenosis from tumours and in the 
urinary tract for urethral strictures and ureteric strictures. 

Interventional radiological techniques for drainage of abscesses under ultra¬ 
sound control were pioneered by Smith and Bartrum in 1974. CT-guided abscess 
drainage and image-guided biopsies were subsequently introduced by many 
workers, including Van Sonnenberg and his team, and have now become routine 
radiological practice. 
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Pioneering advances in interventional techniques continue unabated, and in a 
short introduction such as this it is not possible to do justice to all the innovators 
who have contributed to the development of image-guided therapeutic maneu- 
vres. 
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7.1 Catheter replacement of the needle in percutaneous 
arteriography: A new technique 


Sven Ivar Seldinger (1921-1998) 


Sven-Ivar Seldinger was born in Mora, Sweden on 19 April 1921. He graduated in 
medicine from the Karolinska Institute in Sweden in 1948 and started his training 
in radiology in 1950. In 1953 he published his classic description of his percuta¬ 
neous entry technique into arteries in the journal Acta Radiologica. The technique 
involved a thin-walled introducer needle and a wire and a plastic catheter. Using 
this particular technique it was possible to access any part of the body via the car¬ 
diovascular system. Dr Seldinger’s technique was important in that it enabled an¬ 
giography to develop with superspecialization and techniques such as selective 
angiography and embolization became a possibility. The simplicity of Seldinger’s 
technique not only revolutionized cardiology but also enabled people to perform 
percutaneous transhepatic procedures and portal venography as well as using the 
technique to drain abscesses. It has found its use in urology and anesthesia and 
critical care medicine; central lines and pacemakers are all now put in using this 
particular technique. Seldinger’s thesis was entitled ‘Percutaneous transhepatic 
cholangiography’ and was defended in 1966. He catheterized the biliary ducts us¬ 
ing his techniques. In 1967 he returned to Mora to become chief of the radiology 
department of the local hospital. It is interesting that the pioneering technique 
was not initially thought of as important. 

His chief of the department of radiology at the Karolinska Institute, however, 
did not think that his invention of the new technique was enough for the basis of a 
thesis and this why he had to start his second project on the development of per¬ 
cutaneous cholangiography. 

Herbert Abrahams wrote the following about Seldinger’s contributions: 

“In the movement of angiography from the part of a bit-player to that of a pro¬ 
tagonist in the scenario diagnostic medicine, probably no single contribution has 
weighed more heavily than the technique developed by Sven Seldinger. To a major 
degree its elegance and its usefulness lie in its very simplicity and although 
Seldinger has been modest about his contribution, it took both ingenuity and cre¬ 
ativity to lead angiography into a new period and a new arena. All of us in radiol¬ 
ogy acknowledge our great debt to Seldinger for his vision. His contribution 
moved the field into a new and exciting direction and left a permanent imprint on 
medical imaging and diagnostic and therapeutic medicine.” Sven-Ivar Seldinger 
died in his home in Mora on 21 February 1998. 
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FROM THE ROENTGEN DIAGNOSTIC DEPARTMENT (DIRECTOR: PROFESSOR KNUT LISDBLOJl), 
KAROLINSKA SJDKHIJSET, STOCKHOLM, SWEDEN 


CATHETER REPLACEMENT OF THE NEEDLE IN 
PERCUTANEOUS ARTERIOGRAPHY 

A new technique 

by 

Sven Ivar Seldinger 

The catheter method of angiography has become more popular in 
the past few years, as it provides the following advantages over the 
method of injecting the contrast medium by means of a simple needle: 

1) The contrast medium may be injected into a vessel at any level 
desired. 

2) Risk of extra vascular injection of the contrast medium is mini¬ 
mised. 

3) The patient may be placed in any position required. 

4) The catheter may be left in situ without risk while the films are 
being developed, thus facilitating re-examination if necessary. 

Until recently, however, the use of the catheter method was restricted 
because of the lack of a suitable flexible thin-walled catheter which 
could be used percutaneously. Farinas, in 1941, described a method in 
which a urethral catheter was passed up into the aorta through a trocar 
inserted in the exposed femoral artery. In 1947, Radner catheterized 
the exposed and ligated radial artery and performed vertebral angio¬ 
graphy and later thoracic aortography. Since then, many authors have 
catheterized arteries for various purposes, by surgical exposure followed 
by ligature or resuturing of the artery. In 1949, Jonsson performed 
thoracic aortography after puncture of the common carotid artery by 
means of a blunt cannula provided with an inner sharp needle. The 
cannula, guided by a silver thread, was then directed downwards. Later 

Briefly presented at the Congress of the Northern Association of Medical Radiol¬ 
ogy, Helsinki, June, 1952; submitted for publication, October 28, 1952. 
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the procedure was abandoned, partly because 
it was considered that the cannula might in¬ 
jure the aortic wall. This percutaneous method 
might have proved more useful if a technique 
for using a flexible catheter of adequate lumen 
had been available at the time. 

The artery exposure technique of catheter¬ 
ization is time-consuming, troublesome and 
may present certain risks. The thin-walled poly¬ 
ethylene tube, however, makes percutaneous 
catheterization possible, as reported by Peirce 
in 1951, who passed in the tubing through a 
large bore needle. This method was suitable 
for aortography via the femoral artery. In the 
same year, Donald, Kesmodel, Rollins and 
Paddison, employing a similar technique, eath- 
eterized the common carotid artery in cere¬ 
bral angiography. The method necessitates the 
use of a large bore needle which may make 
puncture difficult and limits its use to com¬ 
paratively large arteries, hence Peirce’s at¬ 
tempts to catheterize the brachial artery were 
disappointing. There is also extra damage to 
the artery and, as the hole in the artery is 
larger than the catheter, haemorrhage after 
removal of the needle may be troublesome. To 
prevent bleeding, the needle may be kept in 
situ during the investigation; this, however, in¬ 
creases the risk of injury to the patient during 
movement. 

There is a simple method, however, of using 
a catheter the same size as the needle, and 
which has been used at Karolinska Sjukhuset 
since April 1952. The main principle consists 
in the catheter being introduced on a flexible 
leader through the puncture hole after withdrawal of the puncture 
needle. The details are as follows: 



Fig. 1. The equipment. The 
stilette is removed and the 
leader inserted through the 
needle (left) and the catheter 
(right). 


Equipment. (Supplied by A. B. Stille-Werner, Stockholm.) 

1) A puncture needle with stilette. 

2) A flexible rounded-end metal leader with increased flexibility 
of its distal 3 cm. 

3) A polyethylene tube, of the same diameter as the needle, with 
an adapter for the attachment of a syringe. 

> 6 — 5300 S#, Acta Radiologies Vol. 39 . 
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e f 

Fig. 2. Diagram of the technique used, a) The artery punctured. The needle pushed 
upwards, b) The leader inserted, c) The needle withdrawn aDd the artery compressed, 
d) The catheter threaded on to the leader, e) The catheter inserted into the artery. 

f) The leader withdrawn. 


The leader should have a diameter slightly less than the bore of 
the needle and the catheter, so that it is capable of passing through 
both, and should be at least 8—9 cm longer than the latter; on the other 
hand it should just fit the lumen of the catheter (Fig. 1), The tip of the 
catheter may be cut before use as shown in Fig. 2. 

Technique (see Fig. 2). 

a) After local anaesthesia, the artery is punctured percutaneously 
at a relatively small angle. 

After puncture it is best to rotate the needle 180° and push it a little 
into the artery using the bleeding as a guide to ensure that the needle 
remains in the artery. Puncture of arteries smaller than the femoral 
artery is facilitated by using an inner needle as a guide over which the 
outer needle is directed into the artery. 

b) The supple tip of the leader is inserted a very short distance 
into the lumen of the artery through the needle. 

c) The leader is held in place and the needle removed. 
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Fig. 3. Hypoplastic lower pole of the right kidney. Blood supply from two branches of 
a small aberrant artery. Catheter inserted through the right femoral artery with tip 2 cm 

below the renal arteries. 


At this moment bleeding should be controlled by pressure on the 
artery proximal to the puncture site, because the diameter of the leader 
is smaller than the hole in the artery. 

d) The catheter is threaded on to the leader; when the tip reaches 
the skin the free end of the leader must protrude from the catheter. 

e) The catheter and leader are gripped near the skin through which 
they are inserted. The catheter enters the artery easily as an opening 
has already been made by the needle. The catheter and leader are pushed 
just far enough to ensure that the tip of the former is in the lumen of 
the vessel. 

f) The leader is removed and the catheter directed to the level 
required, after good arterial bleeding through the catheter has been 
obtained. The unsupported catheter is usually pushed up the vessel 
without difficulty, but occasionally the leadeT must be re-introduced 
into the catheter in order to support it. The leader should not be passed 
beyond the tip of the catheter. 

This technique is simpler than appears on paper and after a little 
practice should present no difficulties. It is important that the leader 
passes into the artery easily. When the tip of the catheter enters the 
artery, the same resistance is often felt as when puncturing is performed 
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a, b. 

Fig. 4. Left-sided ectopic kidney in pelvis. (Eight kidney absent.) Blood supply by 
one artery from the iliac bifurcation and one from the left internal iliac artery. Catheter 
inserted through the right femoral artery with tip at the bifurcation, a. Arterial phase. 

b. Capillary phase. 


by means of a needle. However, the resistance is generally but slight or 
may be completely absent. If considerable resistance be encountered, 
it is probable that the tip of the leader is obstructed and force must 
therefore never be applied. 

Polyethylene tubing is unfortunately not radio-opaque. For this 
reason, in aortography via the femoral artery, a small amount of contrast 
medium may be injected and followed by a test exposure. This will 
show the position of the catheter and also the exact situation of the 
renal arteries and of the iliac bifurcation. When the brachial artery is 
catheterized, the procedure is carried out in the fluoroscopy room and 
the leader used as an indicator of position; the catheter is then kept 
free from blood by the injection of saline solution. 




7.1 Catheter replacement of the needle in percutaneous arteriography 


443 


CATHETER REPLACEMENT OF THE NEEDLE IN PERCUTANEOUS ARTEltlGGRAPHY 373 



Fig. 5. Cavernous angiomas of the 
heel. Arterial phase. Catheter inserted 
through the femoral artery with tip in 
the popliteal artery. The difficult punc¬ 
ture of the popliteal artery was replaced 
by the easily performed catheterization 
from the inguinal region. 


Fig, 6. Occlusion of the right external iliac 
artery. Collaterals from the superior gluteal to 
the deep femoral artery. Inner part of the thigh 
supplied from the inferior gluteal artery. Catheter 
inserted through the left femoral artery with 
tip at the bifurcation. G. cr. “ superior gluteal 
artery. G. caud. = inferior gluteal artery. F. f. — 
deep femoral artery. 


Summary of Investigations Performed 

40 arterial catheterizations have been carried out; of these, 35 were aortographies 
via the femoral artery, 3 subclavian arteriographies by means of puncture of the brachial 
artery in the antecubital fossa, and 2 catheterizations of the femoral artery in a distal 
direction. In no case was general anaesthesia employed. Injection was made throughout by 
hand. The contrast medium used was 30 cc of Umbradil in each injection with a concen¬ 
tration of 35 % in peripheral arteriographies and 70 % in aortographies except in those 
cases in which compression of the femoral arteries was used, when a 50 % solution was 
employed. The tubing used was in all cases No. 200 (internal diameter 1,40 mm, external 
diameter I,so mm) or No. 205 (1.57 mm and 2.os mm). The latter seemed to be the op¬ 
timal one for aortography. As the thickness of the wall of the needles available is nearly 
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Fig. 7. Catheter inserted through the antecubital artery of both sides. 

The tip in the subclavian artery* (The metal tip is no longer in use.) 

The left inferior thyroid artery forks into two branches, the termina¬ 
tions of the longer and lower one of which run in a marked curve down¬ 
wards and laterally as if around a tumour; examination of a resected 
part of the left lower lobe of the thyroid showed adenomatous para¬ 
thyroid tissue in the parenchyma* 

the same as that of the catheter, a needle of 2 mm outer diameter is required. If the 
catheter is 40—45 cm long it permits a faster injection of the contrast medium than the 
12 “15 mm needle of 1 mm lumen, used in this department for translumbar aortography. 

25 catheterizations were performed by the author and 15 by four other workers 
in the department. 

In one patient catheterization did not succeed, in spite of 3 attempts on the femoral 
arteries* as sufficient blood-flow through the catheter was not obtained. In one patient 
no attempt at catheterization was made as resistance to the leader was encountered. 
In one obese patient, introduction of the catheter into the right femoral artery failed, 
but was carried out without difficulty on the left side. In the other cases the catheter 
was inserted easily at the first puncture and the investigation resulted in good films 
excepting in two cases in which the tip of the catheter did not reach the level required. 
In one of the patients, 75 years old, resistance was encountered after 6—7 cm, and in 
another the deep femoral artery Instead of the superficial one, was persistently catheter- 
ized. 

In 6 of the aortographies and in the 3 subclavian arteriographies the catheter was 
fitted with a metal tip (Fig. 7), but this was abandoned because it was found easier to 
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Fig* 8, Natural size* The middle needle permits, with the 
technique described, the insertion of a catheter {in this case 
No* 205) which requires a needle of the size of that pictured 
on the left, were it to be passed through the lumen of the 
needle* The same relative advantage exists between the right 
and middle needles* 



insert the catheter without it, and the artery wall sometimes contracted around it 
during its removal. Furthermore, it was realized that it might damage the arterial wall 
as happened in one of the subclavian arteriographies, so that part of contrast medium 
was injected extravascularly. 

As regards complications any tendency to bleed at the site of puncture was unim¬ 
portant and was mostly observed in elderly patients. No haematoma of clinical conse¬ 
quence ever formed. No thrombosis or any kind of circulatory disturbance in the region 
of the artery punctured was observed. There was no case of extravascular injection 
except the one previously mentioned. In the unsuccessful attempts at catheterization, 
the leader probably passed through the posterior wall of the artery or its intima via a 
hole made during puncture. In these cases the needle could not be pushed far enough 
up into the artery. In neither did the patient suffer any ill effects. No kinking or rupture 
of the catheter, or arterial spasm around it occurred* After local anaesthesia, the patients 
felt nothing during the manipulations and following the injection of the contrast medium 
there was, with individual variations, only the wellknown, rapidly passing discomfort. 

In one case the patient was operated on two weeks after bilateral femoral cathe¬ 
terization and both arteries were exposed. Traces of blood under the fascia indicated 
the situation, but the exact site of puncture could not be discerned. 

Figs. 3—7 form representative illustrations. 

Discussion 

The advantage of the author's method of percutaneous catheteriza¬ 
tion is the smaller size of needle required for a given catheter* As the 
catheter needs a certain clearance to enable it to glide through the bore 
of a needle , the difference is more marked than would appear from the 
thickness of the material (Fig* 8). 

In other words, a larger catheter can be inserted by the same sized 
needle* Pqiseuille’s law states that when pressure and viscosity are con¬ 
stant, the rate of flow through narrow tubes is: 

inversely proportional to the length of the tube, and 
directly proportional to the 4th power of the radius of the tube. 
This shows the dominant influence of the cross section of the catheter* 
Catheter No* 205, used here for abdominal aortography, has an inner 
diameter, corresponding to a heart catheter No* 9—10* If a pressure 
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apparatus were used, the gauge might doubtlessly be diminished con¬ 
siderably, i. e. to a size No. 160, corresponding to a heart catheter No, S. 
and which may be inserted with the help of a needle, 1,5 mm in external 
diameter. 

Though the extra manipulation with the leader is a disadvantage, 
it is very quickly performed. Furthermore, there is a little risk that the 
leader, when handled unskilfully, will pass through the posterior wall of 
the artery, although, no doubt, experience and improved equipment 
will eliminate this possible complication and avoid failure. 

SUMMARY 

The author describes a method by which it is possible, after percutaneous puncture, 
to insert a catheter of the same size as the needle used into an artery, 

ZUSAMMENFASSUNG 

Der Verf. beschreibt eine Methode, die es ermoglicht, nach perkntaner Punktion 
einen Katheter von derselben Grosse wie die bemitzte Nadel in eine Arterie einzufiihreii. 

RESUME 

L auteur ddcrit une methode qni permet, apres ponction percutanee, d’introduire 
dans une art ere un catheter de m&me calibre que b aiguille utilisee, 
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7.2 Percutaneous trocar (needle) nephrostomy 
in hydronephrosis 


Willard E. Goodwin (1916-1998) 


Willard Goodwin was born on 22 July 1916. He graduated from the University of 
California at Berkeley and completed his medical studies at the Johns Hopkins 
Medical School. He trained in urology and joined the University of California at 
Los Angeles in 1951 and in 1953 became the founder and chief of urology. Here he 
built up an outstanding urology department and made numerous outstanding 
contributions to urology over the years, including his description of the technique 
of nephrostomy. He is credited with having made over 40 major innovations in 
urology and was one of the early pioneering renal transplant surgeons in the USA. 

Willard Goodwin died in 1998. 

Picture taken from http://www.urology.medsch.ucla.edu/history.html (12-03-04). 


W.C. Casey 



W. Woolf 
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PERCUTANEOUS TROCAR (NEEDLE) NEPHROSTOMY 
IN HYDRONEPHROSIS 

Willard E * Goodwin, M.D., William C. Casey, M.D. 
and 

Wiljord Woolf , M.D. f Los Angeles 


This paper describes indications for and the technique 
and results of trocar nephrostomy, performed by percu¬ 
taneous lumbar tap of the renal pelvis with a large needle, 
followed by insertion of plastic tubing for temporary 
urinary drainage in selected cases of hydronephrosis. A 
previous paper 1 presented our experiences with ante¬ 
grade pyelography* in which pyelograms were made by 
lumbar puncture of large hydronephroses followed by 
aspiration of urine and injection of a urographic contrast 
medium. The present study* trocar nephrostomy, was a 
natural outgrowth of antegrade pyelography* 

TECHNIQUE 

Lumbar tap of the hydronephrosis and insertion of 
plastic tubing is done with roentgenographic control with 
the patient under local anesthesia* The same precautions 
are observed as in performing spinal puncture. The pa¬ 
tient lies prone. Preliminary x-ray films localize the ap¬ 
proximate spot of puncture in relation to the landmarks 
of lumbar spine and vertebrae (fig. 1, inset). The skin 
is prepared with an antiseptic, and procaine infiltration 
anesthesia is used. The procedure should be limited to 
patients with large hydronephroses. The larger the hydro- 
nephrotic sac the easier it is to puncture. Ten, 12, or 
14 gauge needles have been used. In most adults, a 12 
gauge thin-walled needle, 6 in, (15 cm.) in length, seems 
to be optimum. Smaller needles have been used in chil¬ 
dren, On one occasion a bladder trocar was employed 
and a rubber catheter introduced; however, the smaller, 
12 gauge needles cause less trauma, and drainage through 
the plastic tubing is usually satisfactory. After local in¬ 
filtration anesthesia, the large needle is introduced 
through the lumbar area as indicated in figures 1 and 2* 
When the needle approaches the renal fossa, the obtu¬ 
rator is withdrawn, and a long thin needle (such as that 
used in the Kreutzmann trocar for cystostomy) is in¬ 
troduced through the needle and into the hydronephrosis. 
When correct position is determined by appearance of 
a hydronephrotic drip of urine, the larger needle is ad¬ 
vanced until it too enters the hydronephrosis. If at any 
time the operator is in doubt about position, x-ray con¬ 
trol is indicated. 

After the renal pelvis has been entered, the large needle 
is held in position by a needle stop. Polyethylene tubing,* 
is then introduced through it into the renal pelvis (fig, 2). 
Sizes of polyethylene tubing that will pass through needles 
of a given size are: 

polyethylene 240. . .10 gauge 

polyethylene 205., . . 12 T gauge 

polyethylene 190.....14 T gauge 

Before the tubing is inserted, additional lateral holes 
are made near the end by puncture with a hot needle. 
This makes several extra openings to increase urinary 
drainage. Approximately 2 to 4 in. (5 to 10 cm.) of 


tubing is allowed to coil in the renal pelvis, depending 
on the size of the hydronephrosis. The passage of this 
tubing through the long needle is very much like that 
described in femoral aortography.* Next the needle is 
removed and the tubing taped to the skin in such a way 
that it cannot be moved and will not kink. This may be 
done by supporting the tubing with a sponge at the skin 
level It may be adapted to a collecting bottle by a Tuohy 
adaptor, or, if the patient is ambulatory, it may be con¬ 
nected to a rubber urinal on the leg. 

results 

This procedure was attempted 18 times in 16 patients 
as of June, 1954. In five of these patients the technique 
failed, either because of inability to enter the hydrone¬ 
phrosis or because of improper length of needles. In three 
cases there was a short period of drainage, from one to 
three days, without any benefit. In four further cases 
temporary nephrostomy drainage was later followed at 
intervals of from five days to two months by nephrec¬ 
tomy when it was determined that the kidney was not 
worth saving and that function would not improve with 
drainage. In four cases (two bilateral) it was used suc¬ 
cessfully for temporary diversion of urine in order to 
perform conservative surgery and preserve renal function. 
The procedure is most applicable in patients in whom it 
is desired to allow temporary drainage of a hydrone¬ 
phrosis to see if renal function will return sufficiently to 
allow conservative treatment (case 1) and in a second 
group of patients in whom temporary diversion is de¬ 
sired in order to perform some kind of restorative sur¬ 
gery of the lower urinary tract with the idea of later 
reestablishing normal drainage (case 3). 

REPORT OF CASES 

Case J.—A -year-old child had bilateral hydronephrosis 
due to congenital ureteropelvic obstruction. When first seen by 
one of us (W. E. 0.) on Dec, 21, 1953, he had an acute attack of 
abdominal pain and fever. An intravenous pyelogram (fig, 3,4) 
showed right hydronephrosis and no evidence of function on 
the opposite side. An antegrade pyelogram (fig. 4 A) demon¬ 
strated left hydronephrosis after an aortogram (fig. JB) had 
shown that there was good blood supply to the left kidney. 
Bilateral pyeloplasties were indicated. It was decided to operate 


From the Division of Urology* Ihc University of California Medical 
Center; Harbor General Hospital; and Veterans Administration Center, 

Read in (be Symposium on Pediatric Urology before the Section on 
Urology at the 103rd Annual Meeting of the American Medical Associ¬ 
ation, San Francisco. June 24* 1954. 

This study was supported in part by the Fund for the Advancement of 
Urology and by I he Sobering Corporation. 

The needles used in this study were specially prepared and supplied 
by Hecton Dickinson Company, Rutherford, N. J, 

Case 2 is included with the permission of Dr. Robert C, Waller. 

1, Casey, W, C,, and Goodwin, W. E,; Percutaneous Antegrade Pye¬ 
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2, Ferris, D, O., and Grind lay, J. H.: Use of Polyethylene and Poly¬ 
vinyl Tubing in Ureterostomy, Nephrostomy and Cystostomy, Proc. Staff 
Meet,, Mayo Clin. 23; 385-390 (Aug IS) 194S. 
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toneal Oxygen in Urologco Diagnosis, J, Urol. 526-537 (Sept.) 1953, 
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on the right side first, but it was desirable to have continuous 
drainage on the left side while working on the right. On Dec. 
28, trocar nephrostomy was done on the left side (fig. 4B). This 
allowed good drainage, and it was possible two days later to 
perform Davis’ intubated ureterotomy on the right side with 
the advantage of continued drainage from the left side during 
the postoperative period. A phenolsulfonphthajein test on Jan* 
5 showed 26% excretion from the right and 20% excretion 
from the left kidney in two hours. The patient went home from 
Ian. 9 to March 7, 1954, with nephrostomy drainage from the 
left trocar nephrostomy and drainage from the splints of the 
Davis 1 intubated ureterotomy. He relumed to the hospital 
March 7. A repeat phenol sulfonphthalein test on March 9 
showed 26% excretion in two hours from each side, an 
improvement in function on the left, A retrograde pyelogram 
made at this time showed considerable improvement in the left 
hydronephrosis. The trocar nephrostomy fell out and could not 
be replaced on March 11. On March 12, a Culp-Scardino type 
of pyeloplasty was done on the left side. In this case trocar 



Fig, 1,-—Method and landmarks of percutaneous trocar nephrostomy. 
Optimum site of puncture is usually about five fingetbreadths lateral to 
(he mid line and at a level where a 13th rib would be. 

nephrostomy allowed continuous drainage for almost nine weeks 
m a child and obviated the necessity for another surgical opera¬ 
tion to perform left nephrostomy during this period. Follow-up 
intravenous urograms and normal urinalyses showed a good 
end-result. 

Case 2,—A 12-year-old boy had had previous surgery else¬ 
where. There was a draining urinary sinus from the right flank, 
and intravenous pyelograms revealed a nonfunctioning right 
kidney. An antegrade pyelogram demonstrated right hydro¬ 
nephrosis with obstruction at the ureteropelvic junction. It was 
determined to divert the urine to see if renal function would 
improve. This was carried out by trocar nephrostomy with the 
patient under local anesthesia on Nov. 16, 1953. There was 
satisfactory drainage while he was at home for two weeks. His 
fever subsided, the sinus closed, and he gained weight. It was 
hoped to save the kidney; however, a phcnolsulfonphthalein 
test showed only 4% excretion in two hours; therefore nephrcc- 


Baum, W. C.: Uh of Terminal Ileum □$ SubslLtuie Bladder, J. Urol. 
33 (July) 1954, 
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tomy was performed on Dec. 2. This illustrates the usefulness 
of the procedure to allow temporary drainage while waiting 
hopefully for return of function. 

Case 3.—A 54 -year-old woman had a radical hysterectomy in 
September, 1953, because of squamous cell carcinoma of the 
uterus. She later developed a vesicovaginal fistula and a right 
ureterovaginal fistula. It was decided to close the vesicovaginal 
fistula and to deal with the right kidney at a later date. In order 



Fig, 2— Cross sectional anatomy of left renal area (after Brfidel). 
About 2 in, of tubing is a] [owed to coil in the hydronephrotic pelvu. 


to divert the urine from the hydronephrotic, obstructed right 
kidney, t ran slum bar needle nephrostomy was performed on 
Dec, 2, 1953. In the immediate period after this operation there 
was some bloody drainage and obstruction of the tubing by 
clots. A solution of streptokinase-streptodornase was introduced 
and allowed to remain in the renal pelvis* The clots apparently 
dissolved, and subsequent drainage was satisfactory. Reduction 
of the hydronephrosis followed. The vesicovaginal fistula was 
repaired with the use of the vaginal approach on Dec, 15. Drain¬ 
age was continued from the polyethylene nephrostomy tube for 
five months. On March 23, 1954, when the right upper tract 
seemed nearly normal and the vesicovaginal fistula was well 
healed, an isolated loop of ileum was substituted for the de¬ 
stroyed lower third of the right ureter. 1 The polyethylene 
nephrostomy tube was still in place and continued to divert 



Fig. 3.— A, intravenous pyeloeram of patient in case 1. B, aortogram. 


urine during the postoperative period. Finally, on May 5, the 
tubing was removed from the right kidney, after five months, 
and the sinus promptly dosed. It was of interest that there was 
no incrustation of the tubing with salts, and it acted very satis¬ 
factorily as a nephrostomy during this long period. On May 14 
an intravenous pyelogram showed good function of both kid¬ 
neys, with slight bilateral hydronephrosis. Blood chemistry 
studies were within normal limits. This case illustrates the ad- 
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vantage of trocar nephrostomy as a temporary but effective di¬ 
version of the urinary stream while plastic surgery is performed 
lower in the urinary tract* 

INDICATIONS 

From the above examples it seems that the procedure 
is of greatest use in cases of large hydronephroses when 
a temporary diversion of the urinary stream, without open 
operation, is required before definitive surgery at a later 
date. The temporary diversion may be for the purpose of 
doing plastic work on the lower urinary tract (case 3), or 



Fig. 4 .—A, antegrade pyeloEr&nn of patient in case I. B, polyethylene 
tubing coiled in left renal pelvis after trocar nephrostomy. 


it may be to allow return of function while working on the 
opposite side (ease 1). It may also be used as a test of 
function in cases of hydronephrosis when it is uncertain 
whether or not the kidney is worth saving. It may be 
employed to afford temporary drainage when the surgeon 
ordinarily would not subject the patient to an extra opera¬ 
tion for this purpose. 

Percutaneous trocar (needle) nephrostomy in cases 
of hydronephrosis may not appeal to some surgeons. 
Perhaps they will consider using it in conjunction with 
open surgery. 5 After surgical exposure of a hydronc- 
phrotic kidney, nephrostomy or pyelostomy may easily be 
established by needle puncture of the renal pelvis with 
insertion of polyethylene tubing, possibly in several dif¬ 
ferent areas to allow multiple drainage without actually 
mobilizing the kidney and subjecting it to the trauma 
often associated with manipulation for nephrostomy 
drainage, 

COMPLICATIONS AND DANGERS 

The following complications should be considered: 
infection, hemorrhage, obstruction of the tube, kinking 
of the tube, inadequate drainage, and intermittent ob¬ 
struction. Contraindications are: uremia, bleeding tend¬ 
ency, tuberculosis, and neoplasm. When this paper was 
presented we had not seen severe or dangerous infection 
following the track of the tube even in cases in which 
the urine was known to be infected, Wcyrauch 6 called 
attention to this danger after trocar cystostomy and feels 
that potential infection without adequate drainage offers 
one of the most serious condemnations of trocar nephros¬ 
tomy. This complication has happened in the experience 
of a colleague since this paper was presented. A poly¬ 
ethylene nephrostomy tube, which had been inserted via 
trocar, drained poorly and finally slipped out. Emergency 
surgical nephrostomy was then necessary, and the peri¬ 
nephric area contained a urinary abscess. This should 
be borne in mind by anyone who would attempt it 
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The possibility of severe hemorrhage certainly exists; 
however the fact that anatomically there are no vital 
structures between the skin of the back and the renal 
pelvis, except the kidney itself, makes this unlikely. It 
seems possible that large renal vessels have been punc¬ 
tured at one time or another. On one occasion arterial 
bleeding from the 12 gauge needle caused some alarm. 
It did not persist, however, after plastic tubing was 
inserted. This kidney drained intermittently, partly be¬ 
cause the tubing was coiled and kinked upon itself. 
Nephrectomy was later performed because the chroni¬ 
cally scarred and infected hydronephrotic kidney was not 
worth saving in the presence of normal renal function 
on the opposite side. This allowed an opportunity to 
examine the kidney after needle nephrostomy and to see 
how much damage had been done. Figure 5 is a photo¬ 
graph of the specimen. The polyethylene catheter was 
coiled in the upper calyx and was somewhat kinked upon 
itself. This probably explained the poor drainage. There 
were ecchymotic areas in the epithelium of the upper 
calyx but very little evidence of any severe bleeding 
within the kidney itself. There was no sign of gross infarc¬ 
tion and no sign of subcapsular bleeding. This would 
tend to minimize the fear of hemorrhage, although it 
must always be borne in mind. In any nephrostomy, the 
possibility of hemorrhage exists, yet the skillful surgeon 
has no fear of placing a large catheter or clamp through 
the renal substance. The renal capsule itself seems to 
limit hemorrhage. The problems of intermittent obstruc- 



Fig, 5,—Hydronephrotac kidney removed aftef five days of trocar 
nephrostomy drainage. Note tubing in upper calyx and kinking of tubing 
that interfered with drainage. 

tion and poor drainage due to kinking of the tube, in¬ 
herent in any nephrostomy, are exaggerated by trocar 
nephrostomy. This is due to the small caliber of the 
polyethylene tubing and its tendency to bend. It is also 
magnified by the worst defect of the procedure, its blind¬ 
ness. Even at best one must guess as to position and 

5. Schinagd, G.j Trocar Nephrostomy, J. Urol, 2S6-291 tScpt ) 
1949. 

6, Wtyravch, H.: Personal communication to the authors. 
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ability of the tube to drain during the first few hours 
after nephrostomy by this method. All these difficulties 
are Jess in large hydronephroses. When trocar nephros¬ 
tomy works, it works very well indeed. 

Admittedly the experience of this first study is so 
limited that it is impossible to tell how serious and how 
frequent complications may be. As noted in the Results, 
the procedure failed five times because of technical diffi¬ 
culties. Some moribund patients died within 24 to 72 
hours after trocar nephrostomy and were examined at 
autopsy. It seemed that these persons died of uremia, 
which existed and was progressive before trocar nephros¬ 
tomy was performed as a last effort without any real hope 
that it would change the prognosis. There was no indica- 


March 12, 1955 

tion from the pathologist’s examination that trocar ne¬ 
phrostomy had contributed to death. Other patients died 
weeks or months later of other causes. There was no 
indication in these patients that nephrostomy had con¬ 
tributed to the patient’s death; however, a large series 
would have to be collected to determine morbidity and 
mortality, if any, from this procedure. 

CONCLUSIONS 

Trocar nephrostomy may be a useful method of tem¬ 
porary urinary diversion in selected cases of large hydro¬ 
nephroses. Further evaluation of this technique is war¬ 
ranted. 

University o f California Medical Center (24) (Dr Goodwin). 


LATE SYSTEMIC COMPLICATIONS OF HYDRALAZINE 
(APRESOLINE) THERAPY 

John C. Muller , MCharles L , Ran Jr t> William W. Pryor, M>D. 

and 

Edward 5, Orgain t Durham f N. C. 


During the administration of hydralazine (Apreso- 
line) for the treatment of hypertension, a significant num¬ 
ber of interesting and important but poorly understood 
reactions to the drug have been described. These reac¬ 
tions include significant fever occurring one to three 
weeks after the onset of therapy, 1 pancytopenia,* acute 
psychoses, 3 gastrointestinal bleeding/ and a collagen¬ 
like illness. 5 In its milder form, the collagen-like illness 
resembles acute rheumatoid arthritis and subsides 
promptly in most instances when the drug is withdrawn. 
In severer form, the occurrence of fever, arthralgia, pleu¬ 
risy, pericarditis, and L. E. cells suggests an illness that 
closely simulates acute systemic lupus erythematosus. 
The purpose of this paper concerns the report of seven 
patients with hypertensive vascular disease in whom this 
collagen-like illness developed while they were receiving 
hydralazine. Until the genesis of this syndrome becomes 
more dearly understood, the term “hydralazine reaction” 
wiU be used in preference to the ill-defined phrase, col¬ 
lagen-like illness. 

From the Department of Medicine. Duke University School of Medi¬ 
cine, and the Cardiovascular Service, Duke Hospital. 

Dr. Wayne Run dies of the Department of Hematology, Duke Uni¬ 
versity School of Medicine, aided In ihe interpretation of the bone marrow 
aspirations, and the paper electrophoresis for this study. 
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Fifty-three patients received hexamethonium chloride 
and hydralazine simultaneously for periods of 4 to 23 
months. After initial regulation of these drugs during 
hospitalization, patients were subsequently followed by 
their private physicians at weekly to biweekly intervals 
and in the outpatient clinic by us under conventional lab¬ 
oratory control at intervals of one to three months. Dur¬ 
ing ambulatory treatment, the hydralazine reaction de¬ 
veloped in 7 (13% ) of the 53 patients (see table). There 
were five women and two men. The average maximum 
daily dosage for these seven patients was 446 mg., 
with individual variations from 300 to 600 mg T For 
the remaining 46 patients free of this reaction, the 
average maximum daily dosage was 475 mg., with 
variations from 100 to 1,100 mg. The average time 
from the beginning of hydralazine therapy until the 
onset of this illness was 10.3 months, the shortest time 
being 6 months and the longest 12 months. At the time 
symptoms appeared, the blood pressure was normal in 
four of the seven patients and only moderately elevated 
in the other three. All seven patients complained of ach¬ 
ing, stiffness, and soreness of the involved joints. In two 
patients the complaints were symptomatic, without ob¬ 
jective physical findings. In four patients there was sore¬ 
ness and periarticular swelling of the proximal inter- 
phalangeal joints of the fingers; two patients of this group 
had increased temperature and pain, swelling, and red' 
ness of the knees and ankles, and one of these had joint 
effusion. In one patient (case 1) a severer illness appeared 
that closely simulated acute systemic lupus erythemato¬ 
sus, the details of which are summarized in the first case 
report. The most frequent associated symptoms were: 
fever, four patients; sore throat, three patients; chilis or 
chilly sensations, two patients; pleuritic-like chest pain, 
two patients; and general malaise, two patients. 

Laboratory studies were obtained in five of the seven 
patients. In four patients the hemoglobin level fell 2 gm. 
per 100 cc. or more. In two patients a leukopenia, with 





452 


7.3 Cine coronary arteriography 


F. Mason Sones (1919-1985) 


Dr Mason Sones was an early pioneering paediatric cardiologist who initially pio¬ 
neered the use of image amplification in the fluoroscopic study of congenital 
heart defects. In 1959, however, he discovered that by using a catheter, contrast 
medium could be separately injected into the coronary arteries. Thus the first 
coronary angiogram was performed. Mason Sones used the brachial artery ap¬ 
proach for coronary angiography and developed a vast expertise in this technique 
over his lifetime. He was awarded the Albert Lasker award in 1983 for his contribu¬ 
tions to medical science. Mason Sones trained as a physician at the University of 
Maryland, qualifying in 1943. He spent most of his career in cardiology at the 
Cleveland clinic where his pioneering studies were carried out. 


E.K. Shirey 



W.L. Proudfit 


R. Westcott 
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nary T waves or changing injury currents for from 
1 to 10 years, and in 2 cases, the abnormalities ap¬ 
peared in the absence of significant cardiovascular 
symptoms. This illustrates the authors thesis that 
idiopathic pericarditis may be present with a strik¬ 
ing paucity of characteristic stigmata. 

Electrocardiographic Effects of Injecting Potassium 

and other Ions into a Coronary Artery of the Intact 

Dog 

Louis A. Soloff , Guido Ascanio , and Morton J. 
Oppenheimer , Philadelphia , Pa. 

The electrocardiographic changes of acute myo¬ 
cardial infarction may be related to regional chemi¬ 
cal changes within the myocardium. West’s technic 
of catheterizing a coronary artery was utilized 
to produce a variety of regional chemical changes 
within the otherwise healthy myocardium of the 
intact dog. This report is concerned with the elec¬ 
tro cardiographie effects of potassium and other 
ions so used. 

As little as 20-60 mg. KCl in a 10 Kg. dog 
immediately reverses the polarity of the T wave. 
Within a few seconds, a diastolic injury current 
appears. This current is characterized by a de¬ 
pression of the diastolic base line and elevation 
of S-T takeoff. As this injury current increases 
over the next few seconds, T slowly returns to its 
original direction, but with increased magnitude. 
As this injury current decreases over the next 
few seconds, the S-T segment becomes cove-shaped 
and the T wave again reverses its polarity. This 
pattern persists for a few seconds and then 
gradually returns to the pre-injection contour. 
With larger doses of potassium, the injury cur¬ 
rent is preceded by 1 or several premature beats. 
With still larger doses, ventricular tachycardia 
may follow the appearance of the injury current. 
At this time, necropsy sometimes discloses a 
small myocardial infarction. These electrocardio¬ 
graphic changes are reversible. With larger doses, 
irreversible ventricular fibrillation at a ventric¬ 
ular rate of about 1,200 per minute develops. 
The only consistent electrocardiographic depres¬ 
sant action of potassium in this sequence _of 
events is (with larger doses) an early brief 
minimal slowing of sinus discharge. Potassium 
on occasion can, however, give results indistin¬ 
guishable from acetylcholine when injected by 
the intracoronary route so as to reach select¬ 
ively the A-V node. This reaction is character¬ 
ized by transient complete ventricular standstill 
with smoauricular action undisturbed. 

Lithium chloride, CaCls, MgSO*, NaOH and 
HC1 require at least 200 times the minimal ef¬ 
fective dose of KCl to produce eleetrocardio- 


773 

graphic changes. Only lithium chloride produced 
sequential changes comparable to those of KCL 
However, in this case, the initial change in the 
polarity of the T was gradual rather than 
the abrupt one seen with KCl. Animal Ringer's 
solution produces no electrocardiographic changes. 
Sometimes, 0.9 per cent NaCi and C 0 2 gas may 
produce a change in the voltage of the T wave 
when injected slowly into otherwise normal hearts. 

Ions injected into a coronary artery of the 
intact dog produced sequential electrocardiographic 
changes different from those seen w T hen the total 
heart is exposed to these ions. Of all substances 
tested, the electrocardiogram was most sensitive 
to potassium. The sequence of changes produced 
by potassium could not be duplicated by other 
ions. Potassium so injected, depending upon the 
dose, brought about reversible or irreversible 
myocardial infarction. 

Cine-Coronary Arteriography 

F. Mason SoneSj Jr. } Earl K. Bhirey , William 
L. Proud fit; and Richard N. WestcoU> Cleveland , 
Ohio 

A safe and dependable method has been devised 
for contrast visualization of the coronary arteries 
to objectively demonstrate atherosclerotic lesions. 

The ascending aorta is catheterized by an 
approach from the right brachial artery, in the 
ante cubital fossa. Selective opacification of the 
right and left coronary arteries is performed seri¬ 
ally by injecting 20 to 30 ml. of 90 per cent Hy- 
paque into the right and left sinuses of Valsalva 
adjacent to the orifices of the vessels during x-ray 
motion picture photography of the area of distri¬ 
bution of each vessel. Adequate opacification lias 
been obtained without resorting to mechanical aor¬ 
tic occlusion or cardiac arrest with acetylcholine. 

In more than 50 patients studied by this tech¬ 
nic, a broad spectrum of problems has been en¬ 
countered, ranging from iatrogenic disease to 
multiple total occlusions in those with remote 
and recent myocardial infarction. Selective coro¬ 
nary artery opacification has not produced angina, 
ventricular arrhythmias, or myocardial injury, 
even in patients experiencing angina at rest. 

The method has demonstrated: 1. The presence of 
normal coronary arteries in patients with chest 
pain or electrocardiographic changes which had 
been interpreted as indicating the presence of 
arteriosclerotic heart disease. 2 , Complete or par¬ 
tial segmental occlusion of 1 or more major ar¬ 
teries, 3 . The presence of collateral arterial 
channels from 1 major artery to the area of 
distribution of another totally occluded segment. 
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The ultimate usefulness of the method remains 
to be defined, but it should provide a more ob¬ 
jective diagnotlc standard than has previously 
been available for the evaluation of therapeutic 
measures which have been or may be applied in 
the treatment of arteriosclerotic heart disease. 

Does Blood Pressure Normally Increase with Age?— 
Thirty Year Follow-Up Data on the Labor Force of 
a Chicago Utility Company 

Jeremiah Stamler, Howard A. Lindberg , David 
M. Berkson, and Wilda A. Millet , Chicago, III , 

A statistical analysis of serial blood pressure 
and weight data was made over a 30 year period, 
from young adulthood to middle-age, on several 
hundred men in the labor force of a Chicago 
utility company. An average of 11 blood pres¬ 
sures per person were available for this epidemio¬ 
logic study. 

For the group as a whole, a moderate increase 
occurred in mean blood pressure with age. How¬ 
ever, a significant per cent with low normal 
pressures as young adults maintained these with¬ 
out any significant rise throughout middle age. 
Such persons had markedly lesser risk of de¬ 
veloping coronary heart disease and other cardio¬ 
vascular-renal diseases in middle age than men 
exhibiting a rise in blood pressure over the dec¬ 
ades. It would appeal* that a rise in blood pres¬ 
sure is not an invariable concomitant or aging, 
and cannot be indiscriminately viewed as a normal 
phenomenon. 

Histories of Over 200 Persons, Originally Healthy, 
Followed until Death or for 20 Years after Their 
First Ballistocardiograms 

Isaac Starr and Francis C , Wood, Philadelphia, 
Pa, 

Ballistocardiograms were first taken In 1936 
and within the next few years many healthy 
persons were tested to provide normal standards. 
Over 200 of these have been followed up. Thirty- 
tw T o are dead, 34 others have become ill and have 
entered a hospital. Eighty have returned for a 
follow-up study, 60 have replied to a question¬ 
naire, and 23 others are well known to us. The 
men and women have been arranged in order of 
the amplitude of their original ballisfocardio¬ 
grams. The 174 males can be divided arbitrarily 
into 2 groups. In that with the larger ballisto¬ 
cardiograms, 3 per cent of 117 subjects developed 
undoubted heart disease, and an additional 3 per¬ 
cent a doubtful cardiac status. Of the 57 with 
smaller ballistocardiograms, 51 per cent devel¬ 
oped undoubted heart disease and 14 per cent 
a doubtful cardiac status. These are highly sig¬ 


nificant differences. The data secured on women 
are confirmatory, but not so striking. In this 
series, unselected, as far as we ean determine, 
persons with small ballistocardiograms showed a 
dramatically higher death rate in the next 20 
years than those with larger complexes and a 
much higher incidence of, and death rate from, 
heart disease. 

Safe and Practical Method of Intravenous Abdominal 
Aortography, Peripheral Arteriography and Cerebral 
Angiography 

Israel Steinberg, Nathaniel Finby, and John A . 
Evans, New York, N.Y . 

The Robb-Steinberg method of intravenous 
angiocardiography by the rapid injection of 
concentrated organic iodides and precisely timed 
roentgenography has been standard for over 20 
years. Utilizing the same principles, and with 
rapid, simultaneous, intravenous injections into 
both arms, the abdominal aorta, peripheral ar¬ 
terial and cerebral circulations (almost total 
angiography of the circulatory system) is achieved. 
The patient lies supine on an x-ray table that 
contains a Bueky grid and the special 12 gage 
needle-stopcock units are then inserted percutan- 
eously or by cut-down. A circulation time via 
this needle with 3 ml, sodium dehydrochloric 
and 15 cc. saline solution is obtained. A 2 second 
roentgen exposure of the abdomen is made % 
second after the bitter taste. For peripheral ar¬ 
teriography, a portable apparatus exposes the 
legs immediately after the abdominal study. For 
cerebral angiography, serial films at 1 second 
intervals are secured, beginning 2 seconds before 
the systemic circulation time for a total of 10 
seconds. 

Forty-one patients have had only mild and 
transient heat after equally divided intravenous 
injections of a highly concentrated mixture of 
sodium and methylglncamine diatrizoates (average 
dose, 1 ml. per Kg.). The abdominal aorta and 
peripheral arteries were well visualized in all 
but 1 instance. In 6 patients, a second injection 
was needed for more complete opacification. Only 
4 patients had studies of the cerebral circulation. 
Among the noteworthy findings were arterio¬ 
sclerotic abdominal aortic and splenic artery 
aneurysms, a ruptured spleen, a postlaminectomy 
aortieoinferior vena cava fistula, and arteriosclero¬ 
tic abdominal aortic and peripheral endarteritis. 

Reduction of Serum Cholesterol Level in Patients with 
Coronary Atherosclerosis by Oral Neomycin 

Alfred Steiner, Martin Fink el, and Jems Batch* 
New York , N.Y, 
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Alexander R. Margulis (born 1921) 


Margulis was born in the former Yugoslavia on 31 March 1921. After his secondary 
school education, he entered the University of Belgrade, Faculty of Medicine, in 
1939, and finished his medical education at the Harvard Medical School in Boston, 
where he graduated in 1950. From 1950 to 1951, he was intern at the Henry Ford 
Hospital, and from 1951 to 1954 resident and clinical instructor at the University of 
Michigan Hospital. He has held a California Medical License since 1963 and a 
diploma from The American Board of Radiology since 1954. 

Professor Margulis served as Captain in the U.S. Army Medical Corps from 1957 
to 1959, was instructor and assistant professor at the University of Minnesota 
Hospitals from 1954 to 1957, associate professor and full professor at the 
Washington University in St. Louis from 1959 to 1963, and has since been professor 
and associate chancellor at the University of California in San Francisco. During 
this last permanent appointment, he has held ancillary positions as consultant, di¬ 
rector or chairman at more than a dozen medical or scientific institutes and hos¬ 
pitals. It is worth mentioning his post as associate chancellor and founding direc¬ 
tor of the Magnetic Resonance Science Center at UCSF. 

He has authored numerous books, chapters, papers and abstracts including the 
classic gastrointestinal radiology textbook. 

Professor Margulis has been a permanent member of many radiological soci¬ 
eties, an honorary member of a number of international radiological societies, in¬ 
cluding the European Congress of Radiology since 1993, and since 1966 has taken 
part as member, chairman, co-founder, president, etc. in more than forty profes¬ 
sional organisations. 

Professor Margulis has received several honorary degrees from prominent U.S. 
and European medical or scientific institutes and has won more than twelve 
awards and medals from U.S. and European radiological institutes. 

Taken in part from www.ecr.org. 



P. Heinbecker 
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MESENTERIC ARTERIOGRAPHY* 

By ALEXANDER R. MARGULIS, M.D., and PETER HEINBECKER, M.D. 

ST. LOUIS, MISSOURI 


T HERE has been little basic progress In 
the roentgenography of the gastroin¬ 
testinal tract since Dr, Cannon introduced 
radiopaque contrast material into the gut 
of a cat. Although refinements of his basic 
methods have been made, all deductions as 
to the existence of an abnormality in the 
gastrointestinal tract roentgenographically 
still are dependent upon the detection of 
the lesion s effect on the lumen of the gut. 
Although dependable for demonstrating the 
shape and contour of the inner surface of 
the bowel, existing intestinal roentgen¬ 
ography fails to provide means of assessing 
the architecture and limits of the whole 
lesion. Consequently, roentgenologic in¬ 
ferences as to the specific cellular char¬ 
acteristics of a given lesion of the intestine 
can be little more than an intelligent guess 
based largely upon frequencies. This applies 
especially to the problem of differentiating 
benign from malignant ulcers of the stom¬ 
ach and benign polyps from polypoid 
carcinomas in the stomach and colon. In an 
attempt to learn more about the roentgeno- 
graphic anatomic details of intestinal 
lesions, both neoplastic and inflammatory, 
we have been employing operative and 
isolated organ mesenteric arteriography. 

Bierman et aL 1 succeeded in opacifying 
the celiac axis, the superior and inferior 
mesenteric arteries by transaortic intra¬ 
arterial catheterization of viscera. The 
procedure was unpredictable and danger¬ 
ous, Odman 5,6 visualized the superior 
mesenteric artery by transfemoial arteii- 
ography. The results of this procedure are 
difficult to interpret because of superim¬ 
position of the opacified vessels of the in¬ 
testinal mesentery. 


Schobinger, Blackman and Lin 7 and 
Schobinger 3 demonstrated vascular pat¬ 
terns of benign and malignant neoplasms of 
the colon and of diverticulitis. 

This study was undertaken to develop 
and to evaluate intestinal arteriography as 
a method for differentiating neoplastic 
from inflammatory lesions of the gastro¬ 
intestinal tract and for distinguishing be¬ 
nign from malignant neoplasms, 

METHOD 

A limited trial of Schobinger and his co- 
workers 17 method was disappointing be¬ 
cause of the insufficient vascular detail ob¬ 
tained with it. In order to achieve the 
necessary detailed opacification of the in¬ 
testinal vessels, we have used a film cassette 
wrapped in sterile plastic, placing it directly 
under the bowel. Then the roentgenograms 
were made before and during the terminal 
period of the injection of 8 to ro ml, of con¬ 
trast material into the proper artery 
through a plastic catheter or needle. The 
contrast material we first used was a solu¬ 
tion of 37.5 per cent of diacetamido-triiodo- 
benzoate (hypaque). However after Gray¬ 
son et aL 2 showed that 40 per cent me thy 1 - 
glucamine diace tylamino-triiodobenzoate 
(renografin) was less toxic to the bowel than 
hypaque, we used renografin exclusively. 
In order to facilitate subsequent arteri¬ 
ography of the removed piece of gastroin¬ 
testinal tract, the plastic catheter was left 
in the proper artery after the in vivo exam¬ 
ination was done, 

CASE MATERIAL 

Mesenteric arteriography was performed 
during an operation 35 times and upon 48 


* From The Edward Mallinckrodt Institute of Radiology and the Department of Surgery* Washington Universi ty School of Medi¬ 
cine, St + Louis, Mis&ourL 

Studies supported by a United States Public Health Grant, A 4397 . 

Presented at the Sixty-first Annual Meeting of the American Roentgen Ray Society^, Atlantic City, New Jersey, September 27 - 30 , 
1960 . 
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Table I 


LESIONS STUDIED BY MESENTERIC ARTERIOGRAPHY 




Lesion 

No. 



Carcinoma 

15 



Adenomatous polyps 

6 



Villous adenoma 

1 


Colon 

Lipoma 

1 



Mucocele of appendix 

1 

Operative Arteriography 


Chronic ulcerative colitis 
Diverticulitis 

Multiple small arteriovenous 

3 

1 



malformations 

1 


Stomach 

Carcinoma 

3 



Peptic ulcer 

3 



Total 

35 



Carcinoma 

28 



Adenomatous polyps 

2 


Colon 

Lipoma 

1 



Villous adenoma 

r 

Arteriography on Specimens 


Chronic ulcerative colitis 

6 


Carcinoma 

6 



Stomach 

Leiomyosarcoma 

1 



Peptic ulcer 

3 * 



Total 

48 


* One also had antral gastritis. 


stomachs or colons after their removal 
from the body during celiotomy (Table 1 ). 

RESULTS 

The operative arteriograms of the intact 
bowel usually showed better arterial opaci¬ 
fication than did the isolated organ arterio- 
grams and therefore were easier to inter¬ 
pret. The vascular pattern outlined in an 
organ in vivo did not differ significantly 
from the pattern observed after the same 
organ was isolated. 

CARCINOMA OF THE COLON 

In all instances* operative and resected 
specimen arteriography of colonic car¬ 
cinoma demonstrated destruction of the 
normal arcades of intestinal vessels. These 
were replaced by abnormal channels which 
were tortuous* angulated* had an irregular 


lumen* and coursed through the lesion 
chaotically in many directions (Fig. i* A— 
D; and 2 * A and B ), The irregularity of 
lumen consis ted of sudden irregular widen- 
ings and narrowings. In many roentgeno¬ 
grams the vessels of the tumor were finer 
and narrower than those of the adjacent 
intestine. The arteriograms of all colonic 
carcinomas contained irregular* unde¬ 
limited areas of opacification. These were 
either small patchy areas of radiodensity 
resembling lakes surrounding vessels or 
large uniform areas of laking in which dis¬ 
crete vessels could not be seen. The small 
perivascular lakes were seen on all the 
arteriograms of colonic cancer. The larger 
areas of laking were found in 8 of 15 car¬ 
cinomas injected in vivo and in 8 of the 18 
tumors studied following their removal. 
These areas of laking were not seen when 
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Fig, 1 . {A and B) Annular carcinoma, of the transverse colon, (A) A pre-evacuation barium enema roentgen¬ 
ogram showing the lesion. (B) An operative mesenteric arteriogram showing the lesion. The vessels are 
irregular and show sharp turnings. The blood vessels, in general, are more numerous than in the surround¬ 
ing areas; however, close to the top of the lesion there are fewer vessels. Areas of dense opacification are 
seen in the tumor (arrow), (C and D) Carcinoma of the sigmoid colon, (C) Barium enema roentgenogram, 
(D) A mesenteric arteriogram, in vivo. Irregular, chaotically arranged vessels are seen throughout the tumor. 
There are areas of dense opacification (arrow) as well as smaller multiple perivascular areas of laking 
(arrow with star). 


barium sulfate (USP) was used as the 
arteriographic contrast material in specU 
mens. 

The mesenteric arteries to the tumor 


always were prominent and numerous, 
often larger than adjacent mesenteric 
vessels. They originated from the marginal 
artery of the mesentery at irregular inter- 
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Fig, 2. (A) An operative mesenteric arteriogram showing a carcinoma of the cecum. Note that the mesenteric 
vessels to the tumor are quite large. The tumor shows large areas of laking along with multiple irregular 
vessels, sharply contrasting with the parallel normal vessels seen in the uninvolved bowel at the top of the 
figure. (B) Relatively avascular carcinoma of the sigmoid. The vessels in the tumor show an irregular 
lumen, sharp turnings and, in general, a chaotic direction. Arrows point to small areas of perivascular 
taking. 


vals and often showed dilatations resem¬ 
bling aneurysms. The vascular channels 
visualized within the tumors were of 
smaller caliber and number than in the 
normal bowel wall in 3 of 15 cancers. Only 
2 of the 15 carcinomas studied in vivo ex¬ 
hibited vessels uniformly more numerous 
than normal. The remaining 10 had areas 
in which only a few vessels were seen and 
other areas with numerous abnormal, 
opacified vessels. 

BENIGN LESIONS OF THE COLON 

Mesenteric arteriograms were performed 
in 6 patients being operated upon for 
adenomatous polyps. One had familial 
multiple polyposis. All others had one or 
more polypi that were larger than 2 cm. in 
diameter. One patient had a large villous 
adenoma (Fig. 3 , C and D ). The lesions in 
all 7 patients showed multi directional 
vessels of larger caliber and number than 


normal. Looking with a magnifying glass 
at individual vessels within polyps on the 
arteriogram, luminal irregularities and 
sharp turnings were absent, although the 
vessels often were tortuous. The polyps did 
not contain diffuse or perivascular laking 
seen in cancers. All polyps except for the 
very small had a greater vascularity than 
did the normal adjacent intestine (Fig. 3 , 
A and B ). 

Operative arteriograms of a mucocele of 
the appendix (Fig. 4 , A and B) and of a 
colonic lipoma (Fig. 4 , C and D) showed 
superficial vessels encircling the lesions but 
few if any within them. These arteriograms 
differed markedly from those of benign 
adenomatous polyps and of carcinoma. 

The characteristics described serve as 
the basis for roentgenograph! c differentia¬ 
tion of benign from malignant colonic 
tumors (Fig, I, A-D; 2 y A and B; and 3 , 
A-D) (Table 11 ). 
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Fig. 3 * (A and B) Adenomatous polyps of the cecum* (A) A spot roentgenogram during barium enema study 
showing the large filling defect in the cecum in the region of the ileocecal valve. ( B ) An operative mesenteric 
arteriogram showing one very large polyp and one smaller polyp. There are multiple winding vessels 
within the polyps but no areas of perivascular opacity or large areas of iaking. The vessels fail to show 
irregular Iumina and do not show sharp turnings. (C and D) Villous adenoma of the sigmoid. (C) A spot 
roentgenogram of the sigmoid obtained during a barium enema study. (D) An operative mesenteric arterio¬ 
gram of the lesion showing numerous large tortuous vessels throughout the tumor, sharply contrasted w ith 
less numerous and smaller parallel vessels in the adjacent normal bowel. No areas of perivascular laking are 
seen. 



Three patients with chronic ulcerative 
colitis had operative mesenteric arteri¬ 
ography* Six colons with the same disease 
were examined by arteriography after their 
removal* The colonic vessels were numer¬ 
ous, tortuous and gave oft branches at 
close to a 90 ° angle* The normal parallel 


vessels forming arcades were replaced by 
the vessels characteristic, of this disease. 
The difference in appearance, orientation 
and distribution from vessels in the normal 
bowel is illustrated in Figure 5 ^* Figure 
5 B is an operative arteriogram of another 
patient, containing the same type of vessels 
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Fig. 4. {A and B) Mucocele of the appendix. (A) A large rounded filling defect is seen on the medial aspect 
of the cecum (arrow). ( B ) An operative mesenteric arteriogram shows the lesion to be relatively avascular. 
Only a few vessels are seen coursing on the surface of the tumor^ in sharp contrast to the numerous vessels 
in the mesentery. (C and D) Lipoma of the cecum. (C) A spot roentgenogram of the cecum obtained dur¬ 
ing barium enema study shows a smooth rounded defect. ( D ) An operative mesenteric arteriogram shows 
the lesion to be radiolucent and relatively avascular. Only a few vessels are seen coursing on the surface. 
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Fig* 5, (A) An arteriogram of the operative specimen following total colectomy. The distal colon is severely 
involved by chronic ulcerative colitis. The bowel wall is greatly thickened. The vessels are more numerous, 
tortuous and show branching at right angles (arrow). This is in sharp contrast to the normal arrangement 
of mesenteric vessels in the uninvolvcd bowel seen on the figure* (B) An operative mesenteric arteriogram 
in another case of chronic ulcerative colitis* Numerous tortuous vessels are seen. Many vessels show branch¬ 
ing at right angles. 


as seen in the specimen examination. The 
fecal stream had been diverted for a year 
in one case. This specimen showed only a 
few fine parallel blood vessels. 

An operative arteriogram of a patient 
with diverticulitis of the transverse colon 
showed numerous dilated vessels in the 
area of inflammation just as seen by Scho- 
binger . 8 

The vascular patterns of chronic ulcera- 
tive colitis and diverticulitis were different 
from that of malignant and benign neo¬ 
plasms of the colon. 


ARTERIOGRAPHY OF THE STOMACH 

Operative arteriography of the stomach 
is not a formidable procedure* Anasto¬ 
moses between arteries are abundant and 
injection of any vessels of the gastric 
arcades will visualize the area of abnormal¬ 
ity. We have successfully studied lesions of 
the antrum, body and fundus of the stom¬ 
ach, Arteriograms of polypoid carcinoma 
of the stomach both in vivo and in the 
specimen showed the same type of vascular 
pattern described with the more vascular 
carcinomas of the colon. The normal paral- 
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Table II 


FINDINGS IN MESENTERIC ARTERIOGRAPHY 



Lesion 

1 i 

> < 

° S 

2 g 

era , 

i. 

u jn 
£ 

i—i trt 

Decreased No. of Ves¬ 

sels in Diseased Area 

Areas of Increased and 

Decreased Vessels 

Side by Side 

Large Areas of Laking 

Perivascular Small 

Areas of Laking 

Irregular Vascular 

Pattern 

Vascular Luminal Ir¬ 

regularities 

Changes In Direction¬ 

al Coursing of Vessels 

Right Angle Branch¬ 

ing 


Carcinoma. 

± 

+ 

Most 

common 

In about 

5°%* 

+* 

+ 

+ 

+ 

o 

CoIgH 

Adenomatous 

poJyps 

+ 

o 

o 

0 

0 

+ 

o 

o 

o 


Chronic ulcera¬ 
tive colitis 

+ 

G 

— 

o 

0 

0 

G 

o 

+ 


Polypoid 

carcinoma 

+ 

O 

± 

T 

+ 

+ 

+ 

+ 

o 

£ 

o 

4-J 

uo 

Ulcerating 

carcinoma 

O 

+ 

o 

Q 

o 

o 

+ 

o 

o 


Peptic ulcer 

+ 

o 

± 

O 

o 

o 

O 

Q 

Q 


* Except in specimen injected with USP barium sulfate. 


lei arteries were absent. There were areas of 
diffuse and of small perivascular laking 
present (Fig. 6, A-D; and 7, A and B ). The 
vessels in the tumor were irregular in lu¬ 
men and showed sharp turnings in their 
course. Their direction was chaotic. Al¬ 
though certain areas of the tumor were rela¬ 
tively avascular, the vessels in general were 
more numerous. Arteries supplying the tu¬ 
mor were larger than those supplying nor¬ 
mal areas. 

Benign ulcers of the stomach showed 
numerous, wide, winding vessels surround¬ 
ing the crater (Fig. 8, C and D). The im¬ 
mediate location of the crater and its mar¬ 
gins may show few or no vessels. The ves¬ 
sels surrounding the ulcer crater were not 
irregular in either their lumen or distribu¬ 
tion. Our series includes two malignant ul¬ 
cers of the stomach. In both of them no evi¬ 
dence of cancer was detectable in the gross 


specimen and the cancer cells grew in 
sheaths surrounded by fibrous tissue. The 
diagnosis of carcinoma could be made only 
histologically. The arteriograms of the 
stomach following removal of the organ 
showed only a few vessels in the region in¬ 
volved by cancer. No areas of diffuse or 
perivascular laking could be demonstrated. 
The vessels appeared finer and smaller than 
in the arteriograms of benign peptic ulcer. 
The lumen of some of the vessels showed ir¬ 
regularly spaced, asymmetric areas of nar¬ 
rowing and dilatation. *The distribution of 
the vessels, however, followed the normal 
pattern (Fig. 8, A and B ). The difference 
between benign peptic ulcers and ulcerat¬ 
ing carcinomas will have to be evaluated 
by a larger series. 

In one case having antral gastritis with 
a benign peptic ulcer, the arteriogram 
showed numerous vessels of normal ap- 
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Fig, 6, (A and B) Polypoid carcinoma of the antrum of the stomach. {A) An upper gastrointestinal study 
with barium. (B) A mesenteric arteriogram with injection into the right gastric artery. Arrows point to 
areas oflaking in the tumor. The vessels leading to the tumor are large and numerous. (C and D) Carcinoma 
of the fundus of the stomach, (C) An upper gastrointestinal study with barium, A large ulcer is seen within 
the mass in the fundus of the stomach, (D) An operative mesenteric arteriogram with injection into the left 
gastric artery shows areas of increased and decreased vascularity side by side. The vessels are irregular in 
distribution. Large areas of opacity in the tumor (arrow) are seen along with numerous small areas of 
perivascular laking (arrow with star). 


pear an ce and distribution. An arteriogram 
of the specimen of a stomach containing a 
large leiomyosarcoma showed the same 
characteristics as seen in polypoid gastric 
carcinomas, 

discussion 

The definition of the location, extent 
and nature of internal lesions of the intes¬ 
tinal tract, without opening it, is surgically 
important. Operative arteriography prom¬ 
ises to provide a fairly accurate way of do¬ 
ing this. The method, although seemingly 
simple and straightforward, is nonetheless 


somewhat time consuming. It often re¬ 
quires mobilization of the bowel or stom¬ 
ach in order to place the film cassettes in 
proper contact. It would be easier to have 
the film under the patient in a Bucky de¬ 
vice but with the present technique this 
gives much poorer detail. Differences in 
the vascular pattern of a benign adenoma 
of the colon and a polypoid carcinoma are 
very fine, and any sacrifice in detail may 
lead to the wrong diagnosis. 

It is difficult to draw final conclusions on 
the basis of studies done to date. Un¬ 
doubtedly, much more work will be needed 
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Fig, 7. Large polypoid carcinoma of the stomach. 
{A) A supine study with barium. The arrows point 
to the lateral margin of the mass. (R) An arterio¬ 
gram of the dissected portion of the stomach. 
Within the tumor are numerous irregular vessels 
and large areas of opacification as well as those of 
perivascular density. The extent of the tumor is 
outlined by arrows. 


before definite vascular patterns for various 
types of neoplasms of the stomach, small 
bowel and colon are established and before 
the validity of diagnostic criteria of this 
method survives repeated testing. The cri¬ 
teria arrived at from our material so far 
are given in Table n. 

Besides the obvious utility of operative 
mesenteric arteriography for differentia¬ 
tion of various tumors and inflammations 


of the intestinal tract, it is, at times, very 
useful for the location of the site of massive 
gastrointestinal hemorrhage. We have al¬ 
ready reported its use in this regard. 3 So 
far, we have used operative mesenteric 
arteriography only on the parts of the gas¬ 
trointestinal tract that the surgeon has 
already decided to remove, having been 
worried about the toxic propensities of the 
contrast materials available. Evaluating 
the safety of this procedure in the dog, we 2 
have found that methylglucamine diacetyl- 
ami no-triiodobenzoate (renografin) is the 
safest contrast medium of those studied. 
Eight to ten milliliters of 40 per cent reno¬ 
grafin in saline appear to be a safe amount 
to inject into a loop of bowel which is not 
to be resected. 


SUMMARY 

The method and findings of operative 
mesenteric arteriography are presented* 
Data obtained from injections of operative 
specimens of the colon and stomach are 
also referred to. Vascular patterns obtained 
by arteriography of malignant and benign 
tumors of the colon, chronic ulcerative 
colitis, carcinoma of the stomach and gas¬ 
tric ulcers are described. 

Alexander R. Margulis, M.D, 

Washington University School of Medicine 
St. Louis, Missouri 
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I 4 ig. 8. (A and B) Large ulcerative carcinoma of the stomach. (A) A roentgenogram of the upper gastroin¬ 
testinal tract with barium. ( B ) Only few vessels are seen in the area involved by the tumor. There is a 
strong suggestion of some irregularity in the lumen of the many attenuated vessels. (C and D) Benign 
peptic ulcer of the lesser curvature of the stomach. (C) An upright roentgenogram of the barium filled 
stomach with the ulcer shown in profile (arrow), (D) An operative arteriogram. Numerous tortuous vessels 
surround the ulcer which is the radiohxcent area (arrows). There is no evidence of peri vascular opacity. (A 
metallic instrument was left in the held of exposure by error.) 
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7.5 Transluminal treatment of arteriosclerotic obstruction: 
description of a new technique and a preliminary report 
of its application 


Charles T. Dotter (1920-1985) 


Charles Dotter was born in Boston on 14 June 1920. He received a Bachelor of Arts 
degree in 1941 from Duke University. He then proceeded to study medicine at 
Cornell University. He completed his internship in the United States Naval 
Hospital in New York State and his residency at New York Hospital. At the age of 30 
he became a full-time faculty member at Cornell Medical School. Two years later 
he became professor and Chairman of the Department of Radiology at the 
University of Oregon Medical School. He was only 32 years of age and was appar¬ 
ently the youngest person to have ever been made chairman of a radiology de¬ 
partment in a major American medical school. He stayed at Oregon for 32 years. 
He is rightly considered the father of interventional radiology, publishing more 
than 300 papers, of which he was the first author on more than half. He is credited 
with performing the first transluminal angioplasty. His trainee for the first proce¬ 
dure was Melvin Judkins, who also went on to become a great angiography pio¬ 
neer. The first patient to benefit from angioplasty was Laura Shaw, an 82-year-old 
woman who was admitted to the University of Oregon Hospital with a painful left 
foot. Her pain disappeared a week following the angioplasty and her ulcers soon 
healed. Dotter invented the balloon catheter and used it to study circulation. He 
also made contributions to forensic pathology, publishing a case report in 1961 en¬ 
titled “Murder by Suffocation” in which dental radiography and photography was 
used to make a diagnosis. He even published an article on cardiac resuscitation in 
1962 and was considerably ahead of his time. As a human being he was a poly¬ 
math. He was a pilot, a flyer and a mountain climber. He was interested in classical 
music, painting, photography and outdoor living. He was nominated for the Nobel 
Prize in medicine in 1978 and his pioneering research into interventional radiolo¬ 
gy resulted in 4 gold medals. He passed away in 1985. 



Melvin P. Judkins (1922-1985) 


An associate of Dr. Charles Dotter at the University of Oregon in Portland, radiol¬ 
ogist Dr. Melvin Judkins studied coronary angiography with Dr. Mason Sones. 
Judkins went on to create his own system of diagnostic imaging, introducing a se¬ 
ries of specialized catheters and perfecting the transfemoral approach (introduc¬ 
ing the catheter via a groin puncture rather than the more complex procedure 
used by Sones of introducing the catheter via surgical opening of the brachial ar¬ 
tery in the arm). 

A careful perfectionist, Judkins went to great lengths to educate his patients, 
train his colleagues and share his techniques, and continued his work at Loma 
Linda Medical Center. Judkins furthered the goal of an accessible, systematic ap¬ 
proach to high-quality diagnostic radiology. The Judkins technique of coronary 
angiography remains the primary diagnostic tool used in catheterization labora¬ 
tories around the world. 
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Transluminal Treatment of Arteriosclerotic 

Obstruction 

Description of a New Technic and a Preliminary Report of 

Its Application 

By Charles T. Dotter, M.D., and Melvin P, Judkins, M.D. 


D ESPITE the frequency and importance 
of arteriosclerotic obstruction, current 
methods of therapy leave much to be de¬ 
sired. Nonsurgical measures, however helpful 
they may be, provide the patient little more 
than an opportunity to live with his disease. 
Consistent success in the use of surgical tech¬ 
nics such as endarterectomy, angioplasty, and 
grafting has largely been confined to highly 
specialized vascular surgeons of whom there 
are far too few to cope realistically with 
literally millions of patients suffering the pain¬ 
ful, disabling, or lethal consequences of the 
disease. Moreover, for practical purposes, 
surgical success is limited in the manage¬ 
ment of occlusions in smaller arteries. 1-3 Thus, 
while aorto-iliac thrombo endarterectomy has 
been generally successful, gangrene due to 
femoropopliteal occlusion frequently results 
in amputation. Expert vascular surgeons are 
reluctant to intervene in low femoral lesions 
if tolerable intermittent claudication is the 
only resulting disability, 4 With these facts in 
mind, pursuit of a previously proposed ap¬ 
proach 0 has led to the development of a 
safe, simple, and effective technic for directly 
overcoming arteriosclerotic narrowing and oc¬ 
clusion in the arteries of the leg. Impressive 
salvages already achieved in otherwise 
doomed legs amply justify this preliminary 
report even though long-term follow-up obser¬ 
vations are not yet possible. 


From the University of Oregon's Minthom Memorial 
Laboratory for Cardiovascular Research through 
Radiology, 

Aided by grants from the U. S, Public Health 
Service (H-3275 and H-6336), the Oregon Heart 
Association, and Mallinckrodt Pharmaceuticals. 


Method 

Procedure 

Prior angiographic survey of the abdominal 
aorta, its iliac branches, and the leg arteries, in¬ 
cluding those beyond the suspected primary 
block, is best done by retrograde catheterization 
of the opposite femoral artery, thus insuring a 
hematoma-free femoral region on the side to be 
treated. If an attempt appears indicated, the pro¬ 
cedure, including its present experimental status, 
is fully discussed with the patient and specific 
permission is obtained. Oral anticoagulant agents 
are discontinued and barbiturate sedation is given 
at an appropriate time. Local anesthesia was used 
in all but two patients who received low spinal 
block. 

The actual procedure is begun with down¬ 
stream or antegrade femoral catheterization and 
control arteriography. A preliminary injection of 
2,000 units of heparin is given into the artery, 
and under fluoroscopic control an ordinary coil- 
spring catheter guide of about 0.05 inch OD is 
passed down the lumen until its tip lias traversed 
the stenosis to reach the lumen beyond. A ta¬ 
pered, radiopaque. Teflon dilating catheter* of 
approximately 0.1 inch OD is then slipped over 
the guide and advanced until it, too, has trav¬ 
ersed the block, thereby enlarging the pre-exist¬ 
ing or newly opened lumen. The guide is passed 
across the atheromatous block without going 
through the wall more by the application of 
judgment than of force; both are often needed 
to effect the subsequent dilatation. Where desir¬ 
able and possible, a second dilating catheter of 
nearly 0.2 inch OD is passed over the first. Al¬ 
though secondary thrombotic luminal oblitera¬ 
tions can be traversed and dilated with surprising 
ease, it may be difficult or impossible to pass the 
larger dilating catheter across primary, chronic, 
lengthy atheromatous occlusions. Fortunately, in 
patients with severe, longstanding ischemia strik¬ 
ing improvement is likely to result from modest 
dilatations. 


* Cook Incorporated, 2305 East Second Street, 
Bloomington, Indiana. 
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During the course of dilatation, and especially 
with contrast injections, patients often experience 
increased pain in the foot, but there need be 
no other concern over the completely occluding 
catheter. Withdrawal of the guide permits con¬ 
firmation that the desired lumen-to-lumen pas¬ 
sage or dilatation has, in fact, been accomplished. 
To minimize the possibility of pain and arterial 
spasm associated with the periatheromatous and 
especially with the extramural injection of con¬ 
trast agent, exploratory injections are delivered 
manually under direct fluoroscopic control with 
a minimum volume of dilute contrast agent* At 
present, we use Camay* diluted with an equal 
volume of heparin-saline irrigation solution; a 
suitable gaseous contrast medium may prove 
to have advantages in this application. In any 
case, pressure injection equipment and concen¬ 
trated radiopaque agents have no place in this 
procedure. 

After a successful transa therein atous dilatation, 


* Conray, Mallinckrodt Pharmaceuticals, St Louis, 
Missouri* 


considerable traction is usually needed to with¬ 
draw the impacted catheter to a point above the 
treated segment* Often at this juncture, the pa¬ 
tient will happily announce the return of ade¬ 
quate blood flow to the troubled extremity. Con¬ 
centrated heparin is again injected and a final 
angiogram is made prior to removal of the re¬ 
maining catheter. Hemostasis is manually ob¬ 
tained, and a non constricting bandage is applied 
over the site of the femoral puncture. We now 
use low-dose heparin following recanalization 
(40 mg. intramuscularly every 6 hours for 3 to 
5 days). 

It is convenient and informative to monitor 
the procedure and follow its results with a Parks 
mercury strain-gage plethysmograph.* In addi¬ 
tion to providing an objective, permanent rec¬ 
ord of pulsations, this simple, economical in¬ 
strument permits the determination of blood pres¬ 
sure in legs not possible by ordinary sphygmo- 
manometry. 


* Parks Electronics Laboratory, Route 2, Box 35 , 
Beaverton, Oregon. 



Figure I 

Case 1 . Transluminal dilatation and segmental narrowing of the left sttperficial femoral artery . 
A* Coatroi arteriogram showing threadlike lumen in region of adductor hiatus. B. Immediately 
after dilatation with catheter of 3.2 mm, OD. C. Three weeks after transluminal dilatation. 
Lumen remains open. Clinical and plethysmographic studies indicate continuing patency over 
6 months later. 
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Figure 2 

Case 1. Objective improvement after transluminal treatment of subtotal superficial femoral 
obstruction. A. Blood pressures at indicated sites and times, before and after treatment; 
plethysmographic pulse waveforms. B, and C. Photographs of left foot I week and 5 months 
after the procedure. 


Technical Problems and Complications 

While the entire procedure can at times be 
successfully completed in 10 or 15 minutes, tech¬ 
nical problems may prolong matters and lead to 
impaired results or failure. Passage of the guide 
and dilating catheters through the peri athero¬ 
matous cleavage plane is not a desirable method 
of approaching or traversing the primary site 
of atheromatous block. Basic to the success of 
this technic is the transluminal traverse and dila¬ 
tation of the primary atheromatous block with 
the formation of an inelastic conduit out of the 


patients own previously obstructing tissues. 
Neither total luminal closure at the site of pri¬ 
mary obstruction (usually at the femoiupop- 
liteal junction in the adductor hiatus), nor more 
proximal obliteration by secondary thrombotic 
material is a critical deterrent to success, since 
a properly directed guide will pass harmlessly 
through both obstructions. What is important, 
we believe, is that the site of sclerotic primary 
obstruction be bridged by a lumen-todu- 
men trans atheromatous rather than peri athero¬ 
matous route. In the latter event, there may be 
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considerable improvement in the patient's ische¬ 
mia, but the degree and permanence of benefit 
appears to be impaired. 

Inadvertent entry into the peri atheroma tons 
cleavage plane is sometimes signaled by an in¬ 
creased sense of resistance and can be confirmed 
by the configuration and relative immobility of a 
small amount of contrast agent injected through 
the dilating catheter. Periatheromatous entry is 
somewhat more difficult to identify in the pres¬ 
ence of pie-stenotic luminal thrombosis. Trans- 
mural passage, i.e., perforation of the artery, is 
usually easy to detect by the course of the guide. 
It does not require abandonment of the pro¬ 
cedure, but rather indicates the need for with¬ 
drawal and redirection of the guide into the 
(patent or occluded) lumen. When avoidable, 
contrast agent should not be injected extralumi- 
nally, for pain and spasm of functioning re¬ 
gional arteries can ensue. A transluminal cathe¬ 
ter path extending for several centimeters proxi¬ 
mal to the site of occlusion aids the desired 
passage of the probe through the narrowed or 
obliterated lumen at the site of the primary 
atheromatous obstruction. 



Figure 4 


Case 3 . Atherosclerotic narrowing of deep femoral 
artery. Before (A) and after (B) transluminal dilata¬ 
tion. The outer diameter of the treated artery is 
approximately 1 to 1.2 mm. The dilatation required 
only a few seconds . 



Figure 3 

Case 2 . Multiple short stenoses of superficial femoral 
artery before and after percutaneous transluminal 
dilatation. A. Control arteriogram showing two of 
the three segmental narrowings which were present , 
B. Improved luminal dimensions immediately after 
procedure , 


While both are occasionally frustrating, nei¬ 
ther entry into the periatheromatous cleavage 
plane nor transmural penetration of the artery 
constitutes an alarming complication of the pro¬ 
cedure, Should an undesired pathway be so situat¬ 
ed as to be subsequently unavoidable, the at¬ 
tempted recanalization is best postponed for a 
few days. Due to the small caliber of the guide 
and length of its tract, "inside-out" puncture 
occurring during probe-traverse of an occluded 
lumen is less likely to cause bleeding than ordi¬ 
nary needle puncture. To date, we have observed 
no clinical or radiologic evidence that this tech¬ 
nic has caused embolization downstream. If this 
occurred, its consequences have apparently been 
overshadowed by the benefits of the procedure. 

Results 

Case Reports 

Case 1 (figs. 1 and 2) 

L.S., an 82 -year-old woman, was admitted with 
a cold, pulseless, continuously painful left lower 
extremity with an associated 2 by 4 cm. ischemic 
ulcer and progressing gangrene of three toes. 
Femoral angiography on January 6, 1964 , dis¬ 
closed a 0.5 cm. long atherosclerotic obstruction 
of the left superficial femoral artery at the level 
of the adductor hiatus. The lumen of the artery, 
though patent, was hardly discernible. The pop¬ 
liteal and tibia! arteries filled slowly and con¬ 
tained numerous areas of irregular narrowing. 

Because of advancing gangrene, amputation 
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Figure 5 


Case 4. Complete occlusion of popliteal artery at its 
trifurcation. A. A patent fibular artery is visible 5 cm. 
distal to site of primary obstruction. B, After attempted 
recanalization of fibular branch of popliteal artery. 
Radiographic confirmation of lumen-to-lumen patency 
with contrast agent visible in an adjacent vascular 
bundle (arrotv). Fain was aggravated by procedure, 
presumably due to spasm. There was no opportunity 
to evaluate the result , since amputation was done 2 
days later. 

was strongly advised hut the patient refused. On 
January 16, 1964, percutaneous trans femoral 

catheter dilatation of the segmental femoral ob¬ 
struction was carried out in a matter of minutes 
and without difficulty. Coincident with the re¬ 
moval of the catheter from the site of the pre¬ 
vious stenosis, good pulses were palpable for the 
first time in the lower leg and foot. Angiography 
showed that the stenosis was no longer present. 
Plethysmography demonstrated marked improve¬ 
ment in pulse and blood pressure, previously 
unobtainable on the left. 

Pain, discoloration, and coldness of the foot, 
present on admission, diminished immediately fol¬ 
lowing relief of the obstruction. During the fol¬ 
lowing week, there was rapid healing of the 
ischemic skin changes, including ulceration of 
the lower leg. 

Follow-up angiography on February 6, 1964, 
3 weeks after dilatation, showed continuing pa¬ 
tency of the lumen. At present, over 8 months 
after the procedure, the patient is ambulatory; 
the ulceration is gone; her gangrenous toes have 
separated and the sites are healed. 


Case 2 (fig. 3) 

J, R., a 58-year-old man, complained of in¬ 
creasing coldness and claudication in his left leg. 
Femoral arteriography revealed three short subto¬ 
tal narrowings of the superficial femoral artery. 
On February 14, 1964, a tramfemoral dilatation 
was produced as seen in the second angiogram 
(fig. 3 B), During the procedure, the catheter 
entered the periatheromatous cleavage plane sev¬ 
eral times and one or more transmura! perfora¬ 
tions occurred- It was not then realized that 
the patient was taking an oral anticoagulant drug 
because of previous coronary occlusion. During 
the week following the procedure, a large hema¬ 
toma developed in the left inguinal area. Surgi¬ 
cal drainage and infection obscured any immedi¬ 
ate benefit from the procedure. The patient has 
not permitted further angiograms. 

Case 3 (fig. 4) 

H. H., a 64-year-old man had been on anti¬ 
coagulant therapy following a stroke in 1959. 
His present complaint related to claudication in a 



Figure 6 


Case 5. Complete mklpopliteal occlusion ; recanaliza¬ 
tion uia periatheromatous route. A. Before procedure. 
The distal fibular artery is patent. B. Composite angio¬ 
gram shows direct communication between popliteal 
and fibular arteries, catheter extending down an ad¬ 
jacent vascular bundle, The appearance of the contrast 
material in the popliteal artery is characteristic of a 
periatheromatous pathway. 
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cold, pulseless left foot and leg with gangrene in 
one of the toes. Angiography, with a d is tally di¬ 
rected catheter located in the profunda femoral 
artery, demons bated by reflux a 3 to 4 cm. 
complete obstruction of the superficial femoral 
artery at the adductor hiatus. In addition, there 
was severe stenosis of the lower profunda fem¬ 
oral artery, clearly hampering flow through im¬ 
portant collateral channels. A coaxial dilating 
catheter was passed downward until the inner 
catheter (OD 2 mm.) had traversed this steno¬ 
sis. Subsequent angiography indicated that the 
luminal caliber had been increased several-fold 
with resultant improvement of collateral blood 
flow. An effort to relieve the complete obstruc¬ 
tion was not desired by referring physicians, and 
this was subsequently treated by endarterectomy 
and vein patch angioplasty. 

Case 4 (fig. 5) 

M. D., a 78-year-old diabetic Negro woman 
gave a 2-year history of claudication with mul¬ 
tiple ulcerations leading to gangrene of the right 
leg and foot. Right femoral arteriography showed 
a complete popliteal block at the level of the 
trifurcation. Neither the anterior nor posterior 
tibia! arteries filled, and extensive small artery 


disease was shown. A 5-cm. block of the fibu- 
lar artery was noted, and it was decided to at¬ 
tempt to bridge it. This was accomplished with 
the extravasation of contrast material mto distal 
vascular bundles. The procedure appeared to be 
of no immediate clinical benefit, presumably be¬ 
cause of endarteritis. Continuing rest pain led the 
patient to demand amputation, which was done 
2 days later. 

Cose 5 (fig. 6) 

V. a 62-year-old diabetic woman, was ad¬ 
mitted because of bilateral ischemic rest pain, 
right lower leg ulceration, and gangrene of the 
right first toe. Physical examination disclosed pri¬ 
mary carcinoma of the epiglottis with involve¬ 
ment of the cervical lymph nodes. Her right leg 
exhibited reduced capillary filling, markedly re¬ 
duced or absent distal pulses, and infected is¬ 
chemic ulceration of the lower leg. Arteriography 
demonstrated subtotal obstruction of the right 
popliteal artery with obliterated anterior and pos¬ 
terior tibia 1 arteries and a partially blocked fibu¬ 
la r artery. There was extensive endarteritis. De¬ 
spite these multiple obstructions, creation of an 
intravascular channel between the femoral and 
fibular arteries was thought to be possible and 



Figure 7 

Case 6. Transluminal recanalization of complete obstructions of the superficial femoral artery. 
A* Before procedure * B. Tapered dilating catheter traversing the block. C. Luminal continuity 
and minor extravasation immediately after removal of catheter, D, One week later , Residual 
luminal narrowing did not prevent reversal of gangrenous changes and complete relief of 
symptoms. See also figure 8 A* 
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Figure 8 


Fifth ysmographically determined blood pressures and pulse waveforms in three patients before 
and after percutaneous transluminal recanalization of complete obstructions of superficial femoral 
artery. A,, R, ? and C: Cnses 7, and Systolic pressures determined with Parks plethysmo- 
graph. Circled values are after the procedure. 
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worth while. On April 9, 1964, a guide and 
the smaller dilating catheter traversed the ob¬ 
struction, Unfortunately, continuity was achieved 
via the periatheromatous route and, as was ex¬ 
pected, her clinical improvement was limited 
to temporary progress in healing of the ulceration 
and diminution in rest pain on the treated side. 
Attention has centered on the treatment of the 
carcinoma and the appearance of severe ischemia 
has recently led to amputation. 

Case 6 (figs , 7 and 8A) 

F. S. 7 a 65-year-old man, was hospitalized a 
year earlier because of increasing bilateral claudi¬ 
cation, rest pain, and coldness of the feet and 
legs, most severe on the right. Distal pulses were 


absent on the right and questionably present on 
the left. Right external iliac and common fem¬ 
oral endarterectomy and vein-patch angioplasty 
were done. His present admission on April 7, 
1964, was occasioned by a cold, cyanotic, and 
atrophic right lower leg and foot- an ulceration 
3 by 5 cm, in diameter was present on the 
lateral aspect of the lower leg. The left lower 
leg showed ischemic skin changes, markedly re¬ 
duced popliteal pulsation, and no distal pulsa¬ 
tions. Pulsation in the toes could not be detected 
by plethysmography. 

On April 14, 1964, a percutaneously intro¬ 
duced antegrade guide spring and graduated 
dilating catheters quickly traversed the previous¬ 
ly demonstrated 2-cm. area of completely ob- 



Figure 9 

Case 7, Percutaneous transluminal recanalization of 6-cm. complete occlusion of superficial 
femoral artery in a diabetic man of 68. A, Control arteriogram , B, Immediately after recanaliza- 
tion (which was extended only to level of arrow). C. Six weeks later. Recanalized lumen appears 
even larger and now unnecessary collateral channels, though patent, are only faintly opacified , 
Excellent symptomatic result persists. See figure 8B. 
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Figure 10 


Case 8 , Recanalization of segmental occlusion of super¬ 
ficial femoral artery. A. Spring guide only has passed 
through a complete 1-cm. occlusion . B. Immediately 
after full dilatation * (Inset: 8 weeks later. There ap¬ 
pears to he a further increase in htmen size , especially 
distal to site of previous occlusion.) See figure 8C. 

structed superficial left femoral artery near the 
adductor hiatus* After the procedure, blood pres¬ 
sure, previously unobtainable below the knee, 
was recorded at 105 mm, Hg and remains at that 
level at the present time* Plethysmography re¬ 
vealed vigorous arterial pulsation below the knee. 
The foot is now warm and ischemic skin changes 
have subsided. 

Case 7 (figs. 8B and 9) 

V* II., a 67-year-old diabetic man appeared 
because of rapidly progressive bilateral claudi¬ 
cation, severe rest pain, numbness, and cold¬ 
ness in both lower extremities. Examination re¬ 
vealed good pulses in both common femoral ar¬ 
teries but no pulsation in the popliteal and distal 


vessels. His legs were thin, atrophic, hairless, and 
cool below the knee. 

Survey retrograde transfemoral aortography on 
February 27, 1964, revealed complete obstruc¬ 
tion of the right superficial femoral artery 
4 cm* distal to the femoral bifurcation* The par¬ 
tially stenosed profunda femoral provided mea¬ 
ger collateral circulation to the popliteal artery* 
On the left, a 6 cm* complete segmental block 
of the superficial femoral artery was present with¬ 
in the adductor canal* 

On April 29, 1964, a dis tally directed spring 
guide readily passed the obstruction in the left 
leg. Over the spring, a radiopaque Teflon cathe¬ 
ter was passed to the popliteal area. A second 
dilating catheter of nonopaque polyethylene 
(P* E. 300) was passed through but not beyond 
this area of complete occlusion. Prior to the pro¬ 
cedure, strain-gage plethysmography had failed 
to show a pulsation in the left first digit. When 
the dilating catheter was removed, the prompt 
appearance of the lower leg pulsations and an 
ankle blood pressure of 105 mm. Hg provided 
immediate objective evidence consistent with the 
patient's reported relief of ischemic pain. The 
improvement persists* 

Case 8 (figs * 8 C and 10) 

O* W., a 55-year-old man, had experienced 
intermittent claudication for 2 years. He had, 
nevertheless, been able to walk one or two blocks 
without pain until 7 weeks before admission, 
when he rapidly developed numbness, tingling, 
coldness, and pain in his left lower leg and was 
admitted to the University Hospital. Physical 
examination showed that popliteal and distal 
pulses were absent in the left lower leg, which 
was cold and continuously painful* There were 
small ulcerations on the lateral aspect of the 
foot. A diagnosis of arterial occlusion with "im¬ 
pending gangrene” was made. 

On April 30, 1964, a femoral arteriogram was 
performed with a dis tally directed catheter* This 
revealed a complete obstruction of the midsuper- 
ficial femoral artery. During its introduction into 
the femoral artery, the guide spring was inad¬ 
vertently passed across the block admitting 
sufficient blood to the distal superficial femoral 
artery to elevate the popliteal blood pressure 
from a control level of 40 mm. Hg to 70 mm* Ilg, 
Small inner and larger outer catheters were used 
to dilate the reopened lumen to an inner di¬ 
ameter of 3*2 mm* Distal femoral blood pres¬ 
sure immediately rose to 140 mm, Hg; all distal 
pulses became palpable and the patient said that 
his leg felt “normal for the first time in several 
years,” 

Follow-up arteriograms, although done, were 
unnecessary to demonstrate patency, since the 
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dorsalis pedis pulse is now clearly evident at a 
distance. Plethysmographic studies are shown in 
figure 8C, 

Case 9 (fig, 11 ) 

G. G + , a man of 75 with diabetes, developed 
severe pain in his left foot and ankle while work¬ 
ing on March 1, 1964. He was hospitalized 
elsewhere and left lumbar sympathectomy was 
carried out within 24 hours. He continued to 
have rest pain, which markedly increased with 
exercise. His leg below the knee was cold. On 
April 2, 1964, he was admitted to the hospital 
because of severe, unremitting pain and early 
gangrene of left toes. Pigmentation, patchy red¬ 
ness, and decreased skin temperature were pres¬ 
ent below the left knee. Right retrograde trans¬ 
fer oral aortoarteriography a week later showed 
patent iliac and common femoral arteries, but 
demonstrated complete obstruction of the distal 
left superficial femoral and popliteal arteries. Aft¬ 
er a 20-second delay, the junction of two patent 
tibial arteries filled faintly by way of devious 
collateral channels. Above-the-knee amputation 
was planned and accepted by the patient 

Told of the present technic, the patient gladly 
consented to experimental recanalization, which 
was undertaken on May 1, 1964. Qualified suc¬ 
cess resulted when a 35-ciru-long segment of 
completely occluded femoropoplrteal artery was 
traversed by the spring guide and a 2-mm. dilat¬ 
ing catheter of radiopaque Teflon. Extensive vas¬ 
cular calcification and the use of television fluor¬ 
oscopy permitted several needed corrections of 
the course. These were achieved through ap¬ 
propriate bending of the tip of the removable 
central piano-wire stiffener of the spring guide. 
Resistance to the guide varied widely and un- 
predictably at various points within the occlud¬ 
ed vessels. On two occasions, steady forward 
pressure on the guide led to transmural per¬ 
foration of the artery. Redirection into a trans- 
atheromatous or periatheromatous route proved 
possible after the guide had been pulled back 
into the artery. When lumen-to-lumen passage 
had been accomplished, the small tapered Teflon 
catheter was advanced over the guide with con¬ 
siderable difficulty. Passage of a larger, outer 
polyethylene catheter appeared to be out of the 
question. After withdrawal of the Teflon cathe¬ 
ter to the upper femoral artery, arteriography 
established beyond a doubt that lumen-to-lumen 
bridging had been achieved. 

The patient noted a pronounced diminution 
in ischemic pain. This improvement led to can¬ 
cellation of planned amputation and discharge 
of the patient. It was expected that the long 
(35 cm.), narrow (2,0 mm.) channel would 
soon thrombose. It was our plan to attempt a 
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more adequate dilatation as soon as an expand- 
ble guide could be devised. About 3 weeks later, 
at 7 p.m. on May 20, 1964, the patient suddenly 
developed recurrent rest pain. The following 
noon, emergency recanalization was performed. 
Again, there was immediate relief of his rest 
pain. Previously unobtainable plethysmographic 
pulses were recorded. The re-opened 2,0 mm, by 
35 cm. channel has remained patent to the 
present (4 months). He anxiously awaits the de¬ 
velopment of a dilating catheter-probe. 

Case 10 

V. H, is the same patient reported as Case 7. 

Right Leg: On May 5, 1964, an attempt to 
traverse a long segmental block of the superficial 
femoral artery failed presumably because of our 
inability to start the recanalization with the 
spring in a proximal, unoccluded segment of the 
superficial artery above the region of block. 
Repeated extravascular passage resulted. This ef¬ 
fort is not regarded as a total failure, since dila¬ 
tation of a stenosed profunda femoral artery at 
the level of the second perforating branch was 
easily accomplished and appeared to improve col¬ 
lateral flow. Digital plethysmographic pulsation 
was absent before and after this procedure. 

On June 5, 1964, a second attempted re¬ 
canalization resulted in a lumen-to-lumen chan¬ 
nel, portions of which were subatheromatous. 
There was subjective improvement and plethys- 
mographically measurable blood pressure. 

A third attempt 5 days later failed to de¬ 
velop a completely transatheromatous channel. 
In view of subsequent subjective improvement, a 
new approach has not been attempted. 

Case 11 

F. S, is the same patient reported as case 6, 

Right Leg: On April 21, 1964, a spring guide 
was passed through a 30 cm., completely occlud¬ 
ed segment of superficial femoral artery to con¬ 
nect with a patent distal popliteal artery. Con¬ 
tinuity was observed fiuoroscopically. A small 
dilating catheter traversed the obstruction to the 
knee joint space. Severe arterial spasm prevent¬ 
ed further advance of this catheter or passage of 
a larger dilator. To this spasm and to insufficient 
irrigation during the procedure is attributed the 
prompt thrombosis which followed and then ex¬ 
tended to include a short segment of stenosed, 
but previously patent lumen of the superficial 
femoral artery. There were no clinically evi¬ 
dent untoward effects. 

On May 5, 1964, this man was taken to surgery 
and the right popliteal artery was exposed. He 
was immediately transported to the Radiology 
Department where a catheter was passed through 
the exposed popliteal artery; the distal popliteal 
artery was likewise catheterized and a patent, 
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Figure II 

Case 9. Reoanalimtion of 35-cm. continuous femoral and popliteal total obstruction . A. Calcifi¬ 
cation of walls but no filling of distal femoral artery with preliminary aortic injection, B. Upper 


Circulation, Volume XXX, November 1964 







7.5 Transluminal treatment of arteriosclerotic obstruction 


479 


TRANSLUMINAL treatment of obstruction 


665 


but partly periatheromatous channel from the 
iliac to the distal popliteal artery was estab¬ 
lished. At the time of wound-closure, there was 
pulsatile How in the popliteal artery and capil¬ 
lary flow in the previously cyanotic foot* Throm¬ 
bosis occurred on the sixth day and the leg was 
amputated* This cold leg with gangrenous 
changes and ischemic ulcerations had been sched¬ 
uled for amputation prior to the performance of 
these procedures* 

Evaluation of Results 

Fifteen procedures have been performed 
on II lower extremities in nine patients (ta¬ 
ble 1), Seven of the II extremities were 
those of diabetic subjects with moderate-to- 
severe microangiopathy* Most of these pa¬ 
tients had been rejected for definitive sur¬ 
gery and were scheduled for amputation; of 
the II extremities treated, six were for gan¬ 
grene, four for rest pain, and one for claudi¬ 
cation. Six extremities improved markedly 
(four amputations averted), Clinical improve¬ 
ment quickly followed increases in blood 
pressure and circulation. Three are un¬ 
changed; two scheduled amputations were 
not averted; a third was delayed for 3 months. 
Results have been objectively gauged on the 
basis of healed ischemic or gangrenous 
changes and the return of measurable pe¬ 
ripheral blood pressure. Symptoms were re¬ 
lieved in extremities that did not receive maxi¬ 
mum benefit by these criteria. 

Failures were unassociated with harm to 
the patient and did not appear to reflect on 
the method of approach as much as they did 
our early inexperience, the particular disease 
present in a given patient, and the inade¬ 
quacy of our present instruments when used 
in long segment blocks. 



Figure 12 


Endarterectomy , superficial femoral artery. A. Before 
surgery, B. Removal of atheroma leaves dilated seg¬ 
ment of artery with abrupt change in lumen caliber * 
A good result but the inevitable disturbance in flow 
pattern could prejudice its durability, Compare to 
luminal caliber shown in figures 1 and 10. (Films 
through courtesy of Drs. Rogoff and DeWeese, Strong 
Memorial Hospital, Rochester , New York.) 


Discussion 
Rationale of Method 

Surgery is the treatment of choice for ob¬ 
structive lesions of the aorta and other large 
arteries, but its effectiveness bears a direct 
relation to arterial size. The failure of surgi¬ 
cal measures applied to smaller arteries re¬ 
flects an increase in the importance of limit¬ 
ing factors such as technical difficulty, op¬ 
erative trauma, postoperative perivascular 
swelling, mural fibrin deposition, and fibro- 
cytic incisional repair. Particularly important 


end of block (arrow) shown by Conray injected directly info blocked superficial femoral artery 
at outset of procedure. Collateral vessel near knee * C. Appearance of recanalized distal super¬ 
ficial femoral artery. Note partially visualized unsuspected aneurysmal cavity (arrow). D. Some, 
later phase to show branch filling, E. Tibial view corresponding to B., showing two patent 
tibial arteries at lower end of 35-cm. total block. F* During passage of spring guide. Tip of 
spring has been bent to follow lumen. Flexing knee aided in establishing luminal continuity. G. 
Dilating catheter of Teflon, 2 mm, OD, is across the occlusion and injecting into the fibular 
artery. H. Corresponds to G and D. However irregular the lumen, it is filling two of the three 
popliteal branches . 77m stayed patent 3 weeks whereupon recurrence of leg pain indicated 
re-thrombosis. Opened a second time, it has now remained patent for 6 weeks. Scheduled 
amputation not necessary at present. 
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Table 1 


Summary of Cases 


Case 



Age, 

Side 




no. 

Pt, 

Hosp, no. 

sex 

Before procedure, clinical 

Diabetic Before procedure, radiographic 

A. Partial Obstructions 






1 

L.S. 

32 79-70 

82 F 

L 

Cold, pulseless, painful foot with ul- 

0 

Near complete obstruction of 






ceration and gangrene of the toes 


superficial femoral artery at ad¬ 
ductor hiatus. Moderate small 








artery disease 

2 

J,R. 

32-91-34 

58 M 

L 

Coldness, claudication, generalized 
atherosclerotic changes. Emotional in¬ 
stability 

0 

Narrowing of superficial femoral 
artery in adductor canal 

3 


18-28-1e 

64 M 

L 

Cold foot and leg with claudication. 

0 

Complete obstruction of superficial 






markedly diminished peripheral pulses, 


femoral in adductor canal.. Nar¬ 






and digital gangrene 


rowing of deep femoral collateral 
vessels 

B. Total Obstructions 6 cm, or less in 

length 



4 

M.D. 

33-09-99 

78 F 

R 

Cold, pulseless extremity with rest pain, 

+ 

Complete trifurcation block. Ex¬ 






ulceration, and extensive gangrene be- 


tensive small artery disease. Micro- 






low the knee. Serious infection 


angiopathy 

6 

F.5 + 

32-61-87 

65 M 

L 

Pulseless, cold leg with ischemic skin 

+ 

Complete obstruction superficial 






changes and claudication. Rest pain 


femoral at the adductor hiatus. 
Moderate small artery disease 

7 

V.H, 

33-00-47 

67 M 

L 

A cold leg with pne block claudication 

+ 

Complete obstruction superficial 






and no distal pulses. Ischemic skin 


femoral artery within the adductor 






changes and some pain at rest 


canal. Moderate small artery dis¬ 








ease 

8 

O.W. 

31-10-23 

55 M 

L 

Numbness, coldness, and claudication 

0 

Complete obstruction superficial 






progressing to rest pain and early gan¬ 


femoral artery in the adductor 






grenous changes 


canal 

C. Long-Segment Obstructions 





5 

v,s. 

5-67-89 

62 F 

R 

Cold, pulseless leg with ulceration and 

+ 

Complete obstruction of popliteal 






rest pain. Ischemic skin changes with 


and the vessels of the trifurcation. 






ulceration 


Severe small artery disease 

9 

g,g. 

33-22-45 

75 M 

L 

(a) Sudden, severe claudication and 

+ 

(a) Complete obstruction distal 






rest pain. Cold leg. "Emergency” 
sympathectomy elsewhere. Gan¬ 


femoral and popliteal arteries 






grene 








(b) Sudden onset of rest pain 7 pm 


(b) Recurrent obstruction 






5/19/64 



10 

V,H, 

33-00-47 

67 M 

R 

(a) Cold leg with ischemic skin 

+ 

Complete obstruction of femoral 






changes and muscular atrophy. 


and proximal popliteal. Moderate 






Rest pain 


small-artery disease 






(b) Same 

(c) Same 



11 

F.S + 

32-61-97 

65 M 

R 

(a) Cold leg with no distal pulses. 

+ 

Obstruction distal femoral and 






Rest pain + Gangrene 


popliteal. Severe small-artery dis¬ 








ease 






( b) Same 
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Length of narrowing 
or obstruct ion, 

cm. Procedure date 

After procedures, radio 
graphic findings 

Follow-up 

0.5 

1/16/64 

Lumen diameter increased 
to near normal 

Healing of ulceration. Sharp demarkation and clean healing 
of sloughed gangrenous toes. Plethysmographic evidence of 
good pulse and B.P. Residual small-artery disease 

2 

2/14/64 

Increased diameter of lu¬ 
men 

Inguinal area hematoma secondary to anticoagulants. No 
subjective improvement. Plethysmography shows little change. 
Lesion may not have been a significant obstruction at time of 
dilatation 

0.5 

3/12/64 

Increased diameter of the 
lumen of treated deep fem¬ 
oral branch. Superficial 
femoral was not treated 
percutaneously 

The following week, patient had an endarterectomy and patch 
graft of superficial femoral artery lesion. Now doing well 
clinically. Slough of gangrenous toe healed well 

5 

3/25/64 

Subatheromatous catheter 
travel from popliteal to 
fibular artery 

No clinical improvement—probably secondary to severe small- 
artery disease. Amputation became necessary because of 
persistent severe rest pain 

2 

4/23/64 

Patent lumen 

Plethysmographic pulses and B.P. returned. Leg warmth 
increased. Skin changes decreased. Good B.P. levels to present. 
Excellent clinical results 

6 

4/29/64 

Patent lumen 

Increased warmth. Plethysmographic increase in B.P. and 
pulse. Distal pulses returned. Excellent clinical results 

X 

4/30/64 

Patent lumen 

Relief of pain, coldness, and numbness. Dorsalis pedis pulse 
now visible. Plethysmographic return of B.P. and pulse to 
good levels 

10 

4/ 9/64 

Patent lumen, popliteal to 
fibular artery 

Fair progress in ulcer healing. No distal pulses because of 
severe small artery disease. Amputation for pain 3 mo. later 

35 

5/ 1/64 

(a) Patent lumen 

(a) Relief of severe rest pain. Leg warmth increased. Addi¬ 
tional dilatation of vessel will be needed. Amputation 
canceled 


5/20/64 

(b) Patent lumen to pres¬ 
ent 

(b) Relief of rest pain. Amputation again averted. Pt. awaits 
development of concentric dilating catheter” 

30 

5/ 5/64 

(a) Unsuccessful pro¬ 
cedure- extravasation 

(a) Unchanged 


6/ 5/64 

(b) Partial extra-atheroma¬ 
tous course of the 
channel 

(b) Improved warmth and B.P. for 5 days 


6/12/64 

(e) Partial extra-atheroma¬ 
tous course of the 
channel 

(c) Unchanged 

30 

4/23/64 

{a) Partial extra-atheroma¬ 
tous course of the 
channel 

(a) Unchanged 


5/ 5/64 

(b) Small patent lumen- 
clotted after 3 days 

(b) Return of popliteal pulse and capillary circulation. No 
distal pulse. Clotted after 3 days. Amputation not averted 
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are the irregularities likely to develop at the 
site of graft or endarterectomy (fig- 12). 
Abrupt variations in caliber and configuration 
of the postoperative lumen often cause tur¬ 
bulent blood flow and, thereby, undesired 
dilatation, mural trauma, platelet deposition, 
and thrombosis. 

Several of the foregoing limitations can be 
avoided or minimized by use of a translu¬ 
minal approach. Recanalization or luminal di¬ 
latation, the therapeutic objective, is brought 
about through relatively nontraumatic remod¬ 
eling and lateral displacement of the encir¬ 
cling atheromatous material. Postmortem stud¬ 
ies 0 have shown that forceful intraluminal 
hydraulic injections can lead to surprising in¬ 
creases in perfusion rates. From this it ap¬ 
pears that diffuse hydraulic, as well as local 
catheter dilatation, may have therapeutic 
value. Since in either case, surgical exposure, 
mural incision, and intra-arterial tissue dissec¬ 
tion are eliminated, percutaneous arterial di¬ 
latation is, in comparison to surgery, remark¬ 
ably free from trauma, especially at the site 
of the lesion. 

The value of catheter recanalization in ar¬ 
teriosclerotic narrowing has been challenged 
by some of our colleagues on the hypothetical 
grounds that coexistent disease in distal 
branches defeats its purpose. (Similar faulty 
speculation retarded now-accepted correc¬ 
tive surgery for occlusive disease of the ab¬ 
dominal aorta, carotid, and renal arteries.) 
It is a simple, physical fact that removal of 
a proximal, gradient-producing stenosis caus¬ 
es an increase in the distal blood pressure 
and, therefore, a corresponding increase in 
flow through all patent run-off branches, nar¬ 
rowed or not. A further advantage presum¬ 
ably exists in the form of secondary pres¬ 
sure-induced dilatation of non rigid elements 
of the run-off bed. 7 (Even a rusty sprinkler 
may prove capable of doing a creditable job 
once the faucet is fully opened!) 

It has been argued that attempted cathe¬ 
ter dilatation will dislodge and make emboli 
of atheromatous plaques. The use of a grad¬ 
ually tapered recaoalizing catheter (or a con- 
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centrically dilating catheter under develop¬ 
ment) was adopted to reduce the likelihood 
of this. Its rarity is evidenced by prior prac¬ 
tical experience of a related nature. In con¬ 
nection with approximately a thousand ar¬ 
terial catheterizations done at the University 
of Oregon Medical School, we know of but 
one instance of embolization by dislodged 
atheromatous material 8 Minor, clinically un¬ 
detected embolization probably occurs in the 
course of most arterial catheterizations done 
on patients with intimal atherosclerosis, a sus¬ 
picion supported by reported funduscopic 
findings, 9 In any event, if the dislodgment 
of a localized, proximal atheroma coincides 
with the relief of a proximal block, impinge¬ 
ment of the embolic fragment in a distal 
branch would not necessarily prevent a de¬ 
cided improvement in over-all blood flow 
through most of the run-off vessels. (This 
might not always hold if a previously active 
collateral route were blocked as could occur 
in the coronary arteries,) Recognized clini¬ 
cal or radiographic evidence of embolization 
has not occurred in any of the patients in 
this series. 

Atheromatous material has the characteris¬ 
tics of what an engineer would term a "cold- 
flow >s substance; thus, it can be molded into 
a configuration that permits it to serve as 
an autogenous, in-situ graft. If intima existed 
before the remodeling, it presumably would 
remain afterwards, however stretched. 

Transluminal recanalization is a simple 
technic. The hard-won skill of the vascular 
surgeon is not required, for the technic can 
be learned by any physician familiar with 
vascular catheterization. This is fortunate, 
A therapeutic approach to arteriosclerotic dis¬ 
ease which requires the services of a highly 
trained vascular surgeon would hardly scratch 
the surface in the treatment needed for a 
disease responsible for the death of a million 
Americans every year! 

Since the procedure is suitable for outpa¬ 
tient application, and at most requires brief 
hospitalization, the expense for the patient is 
kept to a minimum. 
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Present and Projected Clinical 
Applications of the Method 

Trans vascular recanalization is routinely 
considered in all patients who otherwise 
would require amputation because of arterio- 
sclerotic ischemia. Such patients have little to 
lose and much to gain through trial of this 
experimental procedure. In any case, they can 
add to our knowledge and have always wished 
to do so when given the option. 

To date, this method has been most suc¬ 
cessful in recanalization of relatively short 
segment blocks (up to 10 cm. in length) of 
the femoropopliteal system. Long-segment 
block failures have been primarily due to our 
mechanical inability to dilate an established 
2-mm. lumen-to-Iumen channel, a situation 
that could readily be reversed through the 
development and use of better instruments. 

Transluminal recanalization appears quite 
applicable to other arterial systems, partic¬ 
ularly those smaller than are usually consid¬ 
ered suitable for conventional reconstructive 
arterial surgery. If its use in femoral disease 
can be taken as an indication, severe proxi¬ 
mal narrowing of the coronary artery will be 
amenable to a manually guided dilator insert¬ 
ed via aortotomy or via the brachial artery 
by the Sones technic. 10 Proximal stenosis of 
the renal, carotid, and vertebral arteries ap¬ 
pears suitable for transvascular treatment. 
The technic is of potential usefulness in 
other than arteriosclerotic causes of narrow¬ 
ing, both anatomic and functional in charac¬ 
ter. Intense, gangrene-producing spasm has 
resulted from the prolonged use of vaso- 
constricting drugs and, here, catheter or hy¬ 
draulic dilatation may prove useful. 

In order to improve the technic, a major 
instrumental design effort is underway. It con¬ 
sists of the development of a device suitable 
for percutaneous insertion, which is a func¬ 
tional equivalent of the present spring guide 
but capable of externally controlled concen¬ 
tric expansion over a suitable portion of its 
length. Expansion from an initial OD of 0.05 
to a final OD of 0.2 inch would be desirable. 
This, it is hoped, will minimize the possi¬ 
bility of inadvertent dislodgment of athero¬ 
matous fragments, since the dilator will be 
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positioned in the form of a thin, flexible guide, 
prior to providing forceful, local expansion 
as needed. In addition, our efforts are being 
directed toward the design and construction of 
a self-guiding, lumen-seaking guide to facil¬ 
itate penetration as the first step in the re- 
canalization of totally occluded arteries. Once 
a pathway has been created across an oc¬ 
cluded segment, repeated dilatation or the 
temporary use of a Silastic endovascular (or, 
in some cases, paravascular) splint could 
maintain an adequate false lumen until the 
natural processes of fibrosis and re-intimaliza- 
tion had taken place. We believe re-intimali- 
zation is as likely to occur on the walls of a 
lumen formed by the patient's own tissues as 
on the fibers of a plastic prosthesis. 

Conclusions 

It seems reasonable to expect that the trans¬ 
luminal technic for recanalization will extend 
the scope of treatment beyond the limits of 
present-day surgery. The method offers ear¬ 
ly treatment for the ischemic leg. In view of 
its simplicity and low morbidity, it is now 
feasible to treat intermittent claudication 
without waiting for more serious symptoms 
to occur or collateral circulation to develop. 

Although long-term results are not yet 
available, we are convinced that transluminal 
recanalization is the treatment of choice for 
patients suffering from arteriosclerotic ische¬ 
mia of the lower extremities, especially two 
classes of patients, those generally regarded 
as the best candidates for surgical revasculari¬ 
zation (i.e., those with short-segment obstruc¬ 
tions of the adductor hiatus), and those be¬ 
yond its aid and, therefore, candidates for 
amputation. Although most of our patients 
came from the latter category, all are now 
alive, only three of II extremities have been 
lost, subjective improvement resulted in seven 
of the remaining nine legs, and pulsating, near- 
normal blood flow has been restored to four. 
No patient was made worse by the procedure. 
While uncomplicated segmental blockage of 
the adductor hiatus of the superficial femoral 
artery is generally considered suitable for sur¬ 
gery, it is even more suitable for a nonsurgical 
procedure of equal potential benefit. The 
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transluminal approach can be applied when 
distal disease offers a significant contraindica¬ 
tion to conventional surgery. In any case, it 
does not preclude or complicate future sur¬ 
gery and should be tried first. Since our first 
patient was treated on January 16, 1964, nine 
patients have had transluminal therapy for 
arteriosclerotic ischemia of the leg. Eight other 
comparable patients at this institution were 
subjected to amputation. All of those treated 
transluminally are alive and six have not re¬ 
quired amputation. Of the eight others who 
were not available to us for attempted recan¬ 
alization, all have lost a leg and two have lost 
their lives as well (one from gas gangrene 
of the stump; the other from postoperative 
myocardial infarction). Thus, however primi¬ 
tive its present state of development and 
though its application has largely been eon- 
fined to surgical “cast-offs/’ transluminal re- 
canalization has proved to be an effective 
alternative to surgical reconstruction and a 
safer and otherwise more attractive alterna¬ 
tive to amputation. As such, it deserves a se¬ 
rious trial in the hands of competent physi¬ 
cians. 

Summary 

The rationale and technic of a new pro¬ 
cedure-transluminal re canalization of arterio¬ 
sclerotic obstructions—has been described. 

Of the II extremities treated, six have 
shown marked improvement (four amputa¬ 
tions averted). It is reasonable to assume 
that with a perfected technic and patients 
with less advanced disease, the percentage of 
successful recanalizations would increase. 

Early treatment with this technic may well 
prevent otherwise serious disease, not just 
prevent amputation of extremities not suit¬ 
able for definitive surgery. We are satisfied 
that percutaneous transluminal recanalization 
is the treatment of choice for many lesions of 
the femoral and popliteal arteries. We believe 
this method is ready for application to ob¬ 
structions up to approximately 10 cm. by 
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those skilled in the use of vascular catheters. 
No doubt the interest and ingenuity of others 
will lead to refinements of technic as well as 
further clarification of the role of this attack 
on arteriosclerotic obstructions. 

Addendum 

Since this report was completed the number of 
treated patients has approximately doubled. There 
have been no further amputations and the success 
rate appears to have improved with experience in the 
selection of patients and the conduct of the pro¬ 
cedure. Late thrombosis appears to be unlikely in 
the light of results to date. 
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Selective Coronary Arteriography 

Part I: A Percutaneous Transfemoral Technic 1 
MELVIN P. JUDKINS, M.D. 


U ntil recently, there has been a re¬ 
luctance to subject the coronary pa¬ 
tient to the “added risk” of coronary 
arteriography. The recognition that coro¬ 
nary arteriography is no more hazardous 
than selective cardioangiography, that 
coronary visualization can depict precisely 
the presence and extent of disease, and 
that something can be done about coronary 
artery occlusive disease has extended the 
indications and increased the demand for 
detailed coronary delineation. 

Numerous technics for coronary visual¬ 
ization have been proposed (2, 4, 5, 8-11). 
In general, the various forms of the aortic 
root flush have been favored in Europe, 
while more selective technics have gained 
acceptance in the American centers. 

The new technic reported here facilitates 



Fig, 1. Catheter Bending Wires . Bending wires are 
formed (from 0.038 in. stainless steel spring wire) into 
the above shapes. Left: d = 4 cm (medium size), 
5,0 cm (large size), or 3,5 cm (small size); t — 2 cm; 
r = 1,1 cm. The primary angle is 90°, the secondary 
ISO 0 , the radius of curvature of the tertiary curve about 
t0 cm. Right ; t = 1.5 cm (medium size), 1.0 cm 
(small and large size); the secondary curve is 135° and 
has a radius of 5 to 6 cm (small and medium sizes) or 
10-12 cm (large size). 

Fig. 2. Left and Right Coronary Catheters. The tips 
are 5.5 F and have an LD. of 0,041 in. The body is 
8F with an LD. of 0,055 in., and a 12-strand braid of 
stainless steel wire is incorporated into its wall. The 
braid insures good torque control. 



Fig. 3. Left Coronary Catheter Technic, The guide 
is removed as the catheter is advanced through the 
proximal descending thoracic aorta. A, The catheter 
is maneuvered to a “relaxed” position in the aortic 
arch, cleared, and the patient turned 20° RPO. B. 
Catheter is advanced slowly until (C) it drops into the 
coronary orifice. The spring afforded by the secondary 
bend holds the tip in the coronary orifice, 

D, E, and F, Catheter position and the reason for 
“catheter arms” of varying lengths when used in (D) 
medium, (E) small, and (F) poststenotic (large) aorta. 


consistent, rapid selective catheterization 
of both coronaries with a minimum of 
catheter manipulation; takes advantage of 
the ease, rapidity of performance, and low 
complication rate of percutaneous femoral 
catheterization; facilitates both direct 
serial and cine filming; and is readily 
taught to residents, fellows, and practicing 
angiographers. 

MATERIAL 

One hundred consecutive patients be¬ 
tween the ages of twenty-one and sixty- 
nine years were examined for suspected 
coronary disease. In each, both coronary 
arteries were selectively catheterized from 


1 From the Stella and Charles Guttman Institute for Vascular Research through Radiology (Director, Prof. 
Charles T, Dotter), University of Oregon Medical School, Portland, Ore. Accepted for publication in June 1967. 
Aided in part by USPHS Grants HE 03275 and 06336. 
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Fig. 4. Radiographic Positioning, (A) Lateral, (B) LAO 70°, (C) RAO 20°, to the lateral changer. All films 
are taken single plane, with a horizontal beam. Technical factors: 1,000 mA, 0.010 Sec. (10 mAs); 80-95 kV; 
38-in. distance; high-speed screens; Kodak Royal Blue film; 12:1 100 line grid; I-mm spot—Dynamax 61 tube. 






the femoral artery, and contrast injections 
were filmed by direct serial radiography 
and cinephotofluorography. Over one- 
third of the patients were examined on an 
outpatient basis. 


TECHNIC 

Initially two 100-em 8F Ducor catheters 2 
(12) were shaped over preformed stainless 
steel bending wires (Fig. 1). The original 
configuration was removed, and a new one 
set by heating in boiling water for about 
two minutes. 

This basic Ducor catheter (a poly¬ 
urethane catheter with internal stainless 

s Ducor is the trademark of Cordis Corp., 125 N. E. 
40th St., Miami, Fla. 


Fig. 5 (above). Right Coronary Catheter Technic . The catheter is advanced (A) to a point about 2-3 cm above 
the left coronary orifice, then rotated (B) slowly 180° until it drops (C) into the right coronary orifice. The curve 
of the aortic arch causes the catheter to descend in the ascending aorta as it is rotated. If the catheter does not 
enter the right coronary on the first try, the level of rotation should be adjusted up (if the catheter tip descends 
deep into the sinus of Valsalva) or down (if the tip rotates above the Up of the right coronary sinus) as indicated. 

D, E, and F. Catheter position and configuration in (D) medium, fE) small, and (F) poststenotic (large) aortas. 
Note that the primary curve is decreased to about 70 a and the secondary curve is flattened for the enlarged aorta. 


Fig. 6 (opposite page). Serial Films of Selective Contrast Agent Injection in the Left and Then the Right Coronary 
Artery are Taken in 3 Projections; RAO 20°, LAO 70° ( and left lateral. Multiple projections are essential if all 
portions of the coronary system, splayed over an egg-shaped surface, are to be fully evaluated. The views selected 
give perspective and depth to the coronary anatomy. 

A. Left coronary, RAO. The origin j, the proximal portion of the anterior descending 4 P and the distal 
circumflex system $ are well outlined. 

B. Left coronary, LAO. In this view you are looking directly at the apex of the heart. The position of the 
4 major left coronary vessels (the anterior deseenditig 4 , its major branch, the diagonal 4, and the circumflex 4 
with its obtuse marginal branch J ) are best seen in relation to true apex. The septum is observed on end, and 
the left main coronary artery is foreshortened, 

C. Left coronary, lateral. The proximal portion of the circumflex branch 4 is in profile. Anteroposterior 
relationships of the peripheral part of both systems are clearly shown. 

D. Right coronary, RAO. The mid portion of the right main coronary artery | , its acute marginal branch 4 i 
and the posterior descending branches $ are seen in profile. 

E. Right coronary, LAO. The right main coronary artery t is well seen. This view demonstrates the 
anatomy of the crux and the adjacent vessels, except for the posterior descending branch $ , which is seen on end. 
This LAO view best visualizes the vascular ring that marks the atrioventricular groove. The right main coro¬ 
nary artery, its posterior branches, and the circumflex branch of the left coronary outline and complete the circle. 

F. Right coronary, lateral. Proximal portions of the right ventricular vessels 4 and the anteroposterior 
relationship of the right coronary system are shown. Note the small atheroma of the proximal right coronary not 
visible in the RAO view J , 
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Fig, 7. Selective Left Coronary Arteriogram: A. RAO—early filling phase. Tortuous anterior descending 
branch f . Direct collateral filling of acute marginal $ and posterior descending branches % , right coronary artery. 

B, RAO—later views. Complete retrograde filling of entire distal right coronary, (Main right coronary is 
occluded from near its orifice to origin of acute marginal branch.) 

C and D, LAO and lateral—large septal vessels contribute to the deficient distal right circulation. Marked 
narrowing of the circumflex $ proximal to its obtuse marginal branch $ can be seen on both views. The pa¬ 
tient does not appear to have sufficient potential collateral circulation to the distal circumflex system to survive 
an occlusion of this narrowed vessel. 

Septal branches . 


steel wire braid) has been modified, (a) 
The tip was changed from the usual “pencil 
tip” to a “bullet nose” configuration to 
minimize the chance of intimal injury. 
(b) The distal 2 cm was thinned to 5.5F 
(1,8 mm) to avoid coronary wedging. ( c) 
The side-holes were eliminated to reduce 
possibility of clotting in the catheter tip 


distal to the side-holes and to improve 
pressure monitoring. This modified cath¬ 
eter, developed with the aid of Robert 
Stevens , n is preshaped into right and left 
configurations (Fig. 2) over the bending 
wires similar to those shown in Figure 1. 

3 Research Consultant, Medical-Surgical Equipment, 
4207 University Drive, Coral Gables, Fla, 
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Fig. 8. Selective Left Coronary Arteriogram: Diffuse arteriosclerotic narrowing involves the entire left coronary 
system. Numerous fine vessels enter into local and cross system collateral networks. Anterior descending f f 
diagonal f , obtuse marginal J , circumflex £ , septal branches J * This patient’s right coronary artery is 
occluded. 


Left Coronary: The catheter is intro¬ 
duced percutaneously from the common 
femora! artery and advanced to tlie de¬ 
scending thoracic aorta; the leader is 


then removed, and the catheter cleared 
and advanced to a relaxed position in the 
aortic arch (Fig. 3, A). With the patient 
in a 20° right posterior oblique position to 
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the table, the catheter tip is advanced 
down the left wall of the ascending aorta 
until it drops into the sinus of Valsalva and 
coronary orifice (Fig. 3, B and C). 

Selective hand injections of 6 to 9 cc of 
Renografin 4 76 per cent delivered at a rate 
of about 3 cc/sec. are filmed in the left 
lateral, left anterior oblique 70 and right 
anterior oblique 15° positions (Figs. 4 and 
6), both on over-framed cine film at 60 
f/ sec. and by rapid serial filming at 4/sec. 
for 2 sec. and 1/scc. for 2 sec. To reduce 
geometric distortion and to avoid mis¬ 
interpretation of contrast layering, the 
serial films are taken with a horizontal 
x-ray beam. 

Right Coronary: With the patient again 
in a 20° right posterior oblique position, 
the right coronary catheter is advanced to 
a position a little above the left sinus of 
Valsalva. The catheter is then rotated 
slowly clockwise (about ISO 0 ) until its tip 
drops into the right coronary orifice (Fig. 5). 
Injections of 6 to 9 cc of contrast agent are 
filmed in the lateral, left anterior oblique 
70 and right anterior oblique 20° pro¬ 
jections (Figs. 4 and 6). 

Myocardial contractility and ventricular 
aneurysms are evaluated by fluoroscopy in 
multiple projections and by ventriculog¬ 
raphy, using a £ ‘hook-tail’’ catheter (1). 

4 Brand of meglumine diatrizoate 7G per cent, from 
B. R. Squibb and Sons, New York, N. Y, 



Fig. 9. Selective Right Coronary Arteriogram: RAO, 
LAO, and lateral views. Distal segments of the ante¬ 
rior descending branch t of the left coronary fill via 
septal collateral vessels % from the posterior descend-* 
ing branch £ of the right coronary. Small arterioscle¬ 
rotic aneurysms of the proximal right main coronary are 
evident, 

TECHNICAL COMMENT 

This technic is based on the use of 
catheters p re shaped into optimal configura¬ 
tions for simple, rapid, selective coronary 
catheterization with a minimum of ma¬ 
nipulation, Catheters are “over-bent’ * to 
obtain the necessary “spring 55 to hold them 
in position. To maintain their shape, 
unnecessary trauma to the catheter tips 
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Fig. 10. Views of four different patients—each with collateral circulation to a proximally occluded coronary 
vessel. Note the anatomical detail in the collateral networks. A, RAO view, left coronary injection. There 
are numerous septal collateral pathways J to thedistal right system via its posterior descending branch ^ ■ Atrial 
branches also enter into the collateral circulation ^ . 

B. Lateral view', left coronary. This film, for the most part, confirms the patient's undocumented history of 
two myocardial infarctions despite equivocal electrocardiographic changes. The anterior descending branch of 
the left coronary artery is all but occluded near its origin | ■ The right coronary artery is occluded proximally; 
a Lem fragment of its descending portion is patent ft', fed a conus branch from the left. It is occluded from 
this fragment to the crux where its posterior descending system ft fills from the circumflex coronary. Serial films 
show the anterior descending system t fills, in part, via numerous collateral channels. 

C. Right coronary RAO. Right coronary f is occluded at the origin of a right ventricular branch + . Col¬ 
lateral vessels cover the surface of the right ventricle to the area of the occluded anterior descending branch of 
the left coronary artery. This 38-year-old mother of 4 (youngest child is two years of age) has triple vessel 
disease (her circumflex is also markedly narrowed). 

D. Right coronary RAO. The main right coronary artery T is narrowed at multiple points. The acute 
marginal branch £ and conus J branches form a collateral net over the anterior surface of the right ventricle 
to the anterior descending coronary artery ft « 


must be avoided. The spring guide in¬ 
serted through the needle is advanced 
to the aortic bifurcation before the punc¬ 
ture needle is withdrawn. If an ob¬ 
struction is encountered, the spring is re¬ 
placed with a safety J-guide 5 (6). If the 

s Safety guides and safety guides are products of 
Cook, Inc., Bloomington, Ind. 


J-guide will not negotiate the tortuous 
iliacs, forget it; the guide and needle may 
be removed with an arterial needle punc¬ 
ture the only penalty. The only reward 
for further effort to catheterize that side 
will be a high complication rate and/or an 
uncontrollable misshaped catheter. 

Following guide passage to the aortic 
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bifurcation, a short length (6 in.) of 7F 
taper-tipped Teflon tubing is inserted into 
the artery over the guide. This maneuver 
dilates the soft-tissue tract and arterial 
puncture hole, making it unnecessary to 
push or twist the preshaped coronary 
catheter through the soft tissues and vessel 
wall. Once it has served its purpose, the 
Teflon tubing is replaced with the coro¬ 
nary catheter, and the latter is advanced 
into the aortic arch; prompt removal of 
the guide then allows the catheter to 
assume its preset configuration. 

The relatively tight bends in the left 
coronary catheter make guide removal 
difficult; the pull necessary for removal 
tends to unravel most guides. The safety 
guide (3), which contains, in addition to 
the usual stiffening wire, a small diameter 
"safety” wire soldered to both ends, will 
not uncoil when used with these preshaped 
catheters. A nonstandard 0.038-in. guide 
is used to insure sufficient stiffness for ease 
of insertion and removal. A 0.035-in. 
guide is not satisfactory. 

Selective catheterization of the coronary 
arteries or any other branch of the aorta 
requires a catheter of suitable configuration 
and a radius of curvature slightly greater 
than that required to span the aorta. The 
length of the left coronary catheter "arm” 
(the segment between the primary and 
secondary bend) is only moderately critical. 
If too short, however, the catheter will 
double back on itself. If too long, the 
arm will assume a relatively vertical po¬ 
sition in the aorta and rest on the lip of the 
sinus of Valsalva, thus preventing the tip 
from reaching the orifice high and deep 
in the sinus. The relative size of the aorta 
is estimated on the basis of the patient's 
size, age, known valvular disease, and the 
appearance of the aorta in the preliminary 
films. Three sizes are illustrated in Fig. 3, 
D-F. The medium size coronary catheter 
will accommodate 85-90 per cent of the 
adult patients examined and almost 100 
per cent of those without aortic valvular 
disease or aneurysm. 

The shape of the right coronary catheter 
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varies with aortic dimensions. The tip 
may be shortened or the secondary curve 
flattened for the small vertical aorta (Fig. 
5, E). A catheter with too long a tip or 
too great a secondary bend will tend to 
catch in the left sinus, "wind up” as it is 
rotated, then spin uncontrollably. The 
angle of the primary bend is reduced to 
about 70° and/or secondary bend flattened 
for a dilated aorta (Fig. 5, F). If a catheter 
becomes deformed as a result of manip¬ 
ulation or if an inappropriate size is 
selected, the catheter should be removed 
promptly and be replaced with a suitable 
new catheter. 

Pressures are carefully monitored for 
signs of damping. If there is any evidence 
of damping or slowed wash-out on test in¬ 
jections, the catheter is removed and re¬ 
positioned. An occasional patient will 
have a small or stenotic coronary orifice 
into which the catheter will repeatedly 
wedge. When this occurs, the catheter 
should be withdrawn, then briefly re¬ 
positioned when everything is ready for 
filming; contrast injection must be done 
quickly, and the catheter removed during 
the filming. 

The selection of contrast material is 
important to obviate arrhythmias. Meg¬ 
lumine diatrizoate 76 per cent 6 is used 
exclusively in this laboratory for coronary 
arteriography, and there has been no 
instance of an arrhythmia other than 
transient bradycardia for over 3,000 con¬ 
trast injections using this and a previous 
technic. Predictable electrocardiographic 
changes are noted with each injection (13). 

When mitral and/or aortic valvular 
disease is suspected, the right coronary 
catheter can, in most cases, be manipulated 
through the aortic valve and, in many in¬ 
stances with the patient in the left 
posterior oblique position, advanced 
through the mitral valve. Pressure con¬ 
trast agent injections into the left atrium 
or left ventricle, using the coronary 
catheter, are not advised, but pressure 

* Renografin 76 per cent, E. R. Squibb & Sons, New 
York, N. Y. 
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records may be obtained. A special per¬ 
cutaneous transfemoral retrograde left 
arterial catheter will be described in 
another paper. 

Superb photography is essential to record 
the detail potentially available in any 
selective study. Special attention should 
be directed toward elimination of motion 
blurring, geometric unsharpness, and fog- 
ging due to scattered radiation (Fig. 7). 

DISCUSSION 

Until now, selective coronary cathe¬ 
terization via the femoral artery has been 
frustratingly uncertain and time-consum¬ 
ing . The curve of the aortic arch has 
foiled catheter control in the ascending 
aorta, making the coronary orifices elusive 
targets from the near 100-cm distance. 
Numerous tip-control gadgets and positive- 
control catheters have been developed, 
but all lose much of their control on the 
cardiac side of the aortic arch. The 
Ducor catheter is no exception, but, when 
coronary-seeking tip configurations are 
combined with its positive control feature, 
the coronaries may be catketerized with 
startling consistency and ease. High- 
quality selective coronary delineation is 
the rule (Figs. 8 and 9). Excuses have 
never been necessary, and there has been 
no need to resort to a sinus flush for the 
coronary that could not be entered. Any 
of the common moldable catheter mate¬ 
rials can be used, but they lack the 
handling ease and control afforded by 
the positive control catheter. 

This technic is an angiographer’s ap¬ 
proach to selective coronary artery study; 
the same principles traditional to selective 
visceral arteriography are employed. Cath¬ 
eters of soft, nioldable material are pre¬ 
shaped to conform to the anticipated anat¬ 
omy. The aortic valves are not used to 
deform the catheter during the procedure. 
Once positioned, the catheter will remain in 
the coronary orifice until it is removed. It 
may be left in place for multiple contrast 
injections in the various projections pre¬ 
viously described so long as pressure 


monitoring shows no evidence of damping 
and test injections quickly wash out. 
This feature of the technic facilitates 
direct serial filming. 

Cine photofluorography and direct serial 
radiography are complementary recording 
technics—twe never replaces the other — 
each should be kept in perspective. Cine 
studies vividly portray the dynamics of 
coronary flow; but anatomical detail is 
limited by the resolution of the intensifier 
system. Motion and flow, however, pro¬ 
duce an image that fascinates and seems to 
mesmerize the novice viewer into believing 
he has seen all. Direct serial radiography 
depicts an unparalleled wealth of ana¬ 
tomical detail (Figs. 8~10) and portrays 
dynamic information to the experienced 
reader. This detail is essential for prog¬ 
ress in definitive coronary surgery. There 
are no more valid reasons for limiting study 
of the coronary anatomy to cin& photo¬ 
fluorography than there are for a similar 
limitation in the study of the cerebral , pan¬ 
creatic, or renal anatomy. 

Even though selective coronary cath¬ 
eterization is technically simple, coronary 
arteriography should not be undertaken 
by the neophyte or without adequate lab¬ 
oratory facilities. 

SUMMARY 

A new percutaneous transfemoral 
selective coronary arteriography technic 
has been devised which can be quickly 
learned by the resident, fellow, or practic¬ 
ing angiographer. '' Coronary-seeking' * tip 

configurations set in a redesigned moldable 
positive control catheter implement rapid, 
consistent selective coronary catheteriza¬ 
tion. Special control equipment or special 
handles are unnecessary. When properly 
positioned, the catheters will remain in 
place for anatomical and dynamic filming 
in multiple positions. The inconvenience 
and possible complications of surgical 
cutdown on a brachial artery or those of 
percutaneous axillary approach are elim¬ 
inated. 

One hundred patients have been ex- 
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amined; in each case, both coronary 
arteries were selectively catheterized and 
contrast injection was filmed by conven¬ 
tional serial radiography and cinephoto- 
fluorography. 

Addendum: Since this article was prepared, an 
additional 200 patients have been studied with re¬ 
sults similar to those described in this article. 
Experience has tended to standardize catheter 
“sizes.” Left coronary catheters are now made up 
with a 4 cm, 5 cm, and 6 cm distance between the 
center of the tip and secondary bend (Fig. 1). 
These have been designated sizes 4, 5, and 6, The 
No. 4 size is standard. The No. 5 is most useful in 
the unfolded aortas of older patients and those 
dilated by long-standing hypertension or medial 
disease. The No. 6 size is usually needed when there 
is poststenotic dilatation of the aorta. The normal 
right, as shown in Figures 1 and 2 (tip length 1.2 
cm), is used in all patients except those with severe 
deformity of the sinuses of Valsalva where the 
large is preferred. We are now using Teflon-coated 
safety wire guides. Their use will be described in a 
subsequent technical note. 

3181 S, W. Sam Jackson Park Road 
Portland, Ore. 97201 
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7.7 Non-operative retained biliary tract stone extraction. 
A new roentgenologic technique 


H. Joachim Burhenne ( 1925 - 1996 ) 

Dr Burhenne was born in Hannover in Germany in 1925 . His medical qualification 
was from the University of Munich. He moved to the United States in 1959 and did 
his residency training in Radiology at the Peter Bent Brigham and other Boston 
hospitals. He was an instructor in Radiology at Harvard and conducted a research 
fellowship at the National Hospital for Nervous Diseases in Queen Square, 
London. He also worked at the University of California as a Professor until he 
moved to the University of British Columbia in Vancouver, Canada in 1978 . He was 
the author of the definitive textbook “Abdominal Radiology”, which he co-au- 
thored with Dr Alex Margulis. Dr Burhenne’s contribution to gastro-intestinal ra¬ 
diology is well documented. He became President of the International Biliary 
Society as well as President of the San Francisco and California Radiological 
Society and the President of the Society of Gastro-intestinal Radiologists. He re¬ 
ceived many awards, including the gold medal of the American Roentgen Ray 
Society, and was an honorary member of 4 surgical organisations including an 
honorary degree from the Royal College of Surgeons of Ireland. Dr Burhenne was 
an award-winning photographer, an accomplished violinist and also published a 
book on ski touring. He passed away on 1 June 1996 . 




7.7 Non-operative retained biliary tract stone extraction 


497 


FeBRUART, 1973 


NONOPERATIVE RETAINED BILIARY 
TRACT STONE EXTRACTION* 

A NEW ROENTGENOLOGIC TECHNIQUE 
By H. JOACHIM BURHENNE, M.D.f 

SAN FRANCISCO, CALIFORNIA 


R ETAINED, overlooked, or forgotten 
■ stones present a common problem in 
bile duct surgery* Of the one-third of one 
million cholecystectomies done each year in 
the United States, 16 20 to 40 per cent 
undergo common duct exploration. About 
5 per cent or 5,000 patients require a second 
operation in order to remove retained^ bili¬ 
ary tract calculi (Table 1), although this 
figure increases without the use of routine 
operative cholangiography. The morbidity 
and mortality of the second surgical proce¬ 
dure is higher when compared to the pri¬ 
mary operative intervention* 

A new roentgenologic technique of non- 
operative stone extraction in the ambula¬ 
tory patient represents a significant im¬ 
provement in postoperative medical man¬ 
agement. 

DEVELOPMENT OF TECHNIQUE 

Trans-T-tube catheterization using stan¬ 
dard vascular catheters and guidewires has 
been used to dislodge sediment and blood 
clots in order to re-establish drainage, 24 - 36 
Removal of the T-tube is indicated for the 
extraction of retained stones through the 
T-tube tract, with the tube left in place 
for 4 to 5 weeks after operation to establish 
a fibrous tract, Mondet 28 extracted stones 
through it as early as 1961 with a specially 
designed forceps. The same Mondet extrac¬ 
tion forceps was successfully used by 
Mazzariello 35 even with larger stones after 
bouginage of the sinus tract, Magarey 21,22 
preferred, for instrumentation, the Desjar¬ 
dins forceps and the Dormia* ureteral 
basket and catheter. 

* V. Mueller, Chicago, III. 


Table I 


PERCENTAGE OF RETAINED STONES 


Author 

General 

and 

Review 

Improve¬ 
ment with 
Routine 
Operative 
Cholangi¬ 
ography 

Hicken and McAllister 15 

19 

4.0 

Shore 5 ’ 

17 

3 -° 

Mixter et alP 

!3 


Parent and Peloquin 29 

10-20 

3 S 

Dowdy 9 

10 


Jolly d alP 

8-28 

6.6 

Ferris and Sterling 13 

8-27 

— 

Kourias 18 

8-12 

3*5 

Bartlett and Dreyfuss 3 

6-11 


Colcock and McManus 6 

5.0 

— 

Edmunds et alP 

3 - 5~ 2 7 

3-5 

Larson et tf/. 20 

3 1 

— 

Schulenburg 33 51 


1-4 


We started to use the Dormia ureteral 
basket in 1971 , passing it ei ther through the 
T-tube or, as described by Magarey, 
through a small arterial catheter . 5 Several 
case reports with this technique have ap¬ 
peared in the literature , 2 - 7 ' 23 - 26 - 37 

We found the technique with small pre¬ 
shaped arterial catheters for placement of 
the stone basket rather time consuming, 
and the small tip of the relatively stiff ar¬ 
terial catheter was sometimes difficult to 
place and tented the wall of the biliary 
ducts. Sufficient contrast medium for con¬ 
tinuous cholangiography was difficult to 
inject for continuous visualization of the 
retained stones. A second small arterial 
catheter was used initially for this purpose. 
These problems were corrected, and the 


* Presented at the Seventy-third Annual Meeting of the American Roentgen Ray Society, Washington, D + C,, October j-6 f ip7^- 
t From the Department of Radiology, Children’s Hospital and Adult Medical Center, San Francisco; and from the University of 
California San Francisco Medical SchooL 
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Fig* i. Technical steps for retained common duct stone extraction. 

i. Repeat T-tube chol angiogram is obtained on the day of stone extraction 4 to 5 weeks after choledo- 
chotomy 

2 * After the location of the retained stone has been ascertained, the T-tube is withdrawn 

3 * Using the sinus tract of the T-tube* the steerable catheter is guided into the bile duct, and its mov¬ 
able tip is advanced beyond the retained stone 

4 . The basket is inserted through the steerable catheter* the catheter is withdrawn and the basket is 
opened 

5 . The open basket is withdrawn in order to engage the stone. The basket is only retracted* never ad¬ 
vanced* outside the enclosure of the steerable catheter 


6 . The stone is extracted through the drain tract* 

procedure has been considerably shortened 
since we modified our instrumentation 
technique. 

ROENTGENOLOGIC TECHNIQUE 

(Fig. t, 1-6) 

With the T-tube indwelling for at least 4 
weeks after surgery* the ambulatory pa¬ 
tient is returned to the x-ray department* 
T-tube cholangiograms are obtained for 
localization of retained stones. The patient 
is prepared and draped on the fluoroscopic 
table* Medication or anesthesia is not 
necessary* The T-tube is then extracted. 
This shows an average movement of the 
common duct by 1 or 2 cm,/ 2 with the duct 


returning almost immediately to its previ¬ 
ous position. This motion is absent in the 
presence of periductal adhesions. 

A specially designed* polyethylene cath- 
eterf is then introduced through the T-tube 
tract. This steerable catheter permits re¬ 
mote control of the tip (Fig. 2* A and B) for 
easy passage through turns in the sinus 
tract and for direction of the tip into either 
the common hepatic or the common duct* 
depending on the position of the calculus. 
The catheter is 25 cm* in length* It has an 
external diameter of 4*3 mm* or No, 13 
French and an internal diameter of 2,7 mm. 

t Medi-Techj Watertown* Mass. 
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Fig. 2. Steerable catheter, (A) Traction from the out¬ 
side on wires embedded in the wall of the catheter 
permits inside direction of the catheter. (B) The 
catheter is placed through the T-tube drain tract 
into the duct system, with its tip beyond the re¬ 
tained stone. 

or No. 8 French, to permit passage of a 
variety of extraction instruments. 

A side port is attached to the catheter for 
delivery of contrast material during the 
procedure. Intermittent contrast filling of 
the duct is obtained with a 300 cc, bottle of 
30 per cent contrast medium;, usually used 
for drip infusion pyelography. 

After the large lumen steerable catheter 


Fig. 3. The catheter has been withdrawn and the 
stone extraction basket has been opened. 
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has been placed with its tip beyond the 
biliary calculus, the Dormia basket is ad¬ 
vanced through it, the basket is opened 
distally to the stone and the catheter is 
withdrawn leaving the basket in position 
(Fig. 3 ). The small point of the basket is 
never advanced outside the enclosure of the 
catheter. 

Stones up to 10 mm. fit readily into the 
basket (Fig. 4). The basket is then closed 
and the stone engaged by advancing the 
basket sheath (Fig, 5 ). If larger stones are 
present, we have had good success with the 
use of a single or double sling passed 
through the catheter (Fig. 6 , A-C; and 7 ). 

If stones are fragmented and small frag¬ 
ments remain, a straight rubber catheter is 
placed, left in the common duct for several 
days, and control cholangiography is ob¬ 
tained (Fig, 9 , A and B\ and 10 ), 


MATERIAL AND RESULTS 


Twenty patients with retained bile duct 
stones after cholecystectomy and chole- 
dochotomy underwent roentgenologic in¬ 
strumentation for stone extraction through 
the T-tube tract. The material is summa¬ 
rized in Table u. 
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Case 9 (Fig, 8 ) was a failure because 
catheterization of the tortuous sinus tract 
was impossible. The T-tube had been 
placed in a midline incision. This patient 
underwent re-operation for stone removal. 

Case 2 with 2 stones had 1 stone ex¬ 
tracted. The other small stone slipped into 
the cystic duct remnant during instrumen¬ 
tation. The patient is asymptomatic 9 
months after instrumentation. 

Case 1 (Fig. 6 y A-C) with a 3 cm. stone 
had the calculus extracted from the com¬ 
mon duct, but it could not be pulled 
through the sinus tract. It was deposited in 
the proximal portion of the tract. The 
patient is asymptomatic on 10 month 
follow-up without abscess and with the 
sinus tract closed. 

Case 4 (Fig. 9 ^ A and B) had a 5 mm. 
stone which was fractured and then ex¬ 
pelled into the duodenum. The follow-up 
intravenous cholangiogram is normal. 

Case 6 had a 3 mm. defect, difficult to 
visualize during the procedure, apparently 
expelled into the duodenum. A straight 
rubber catheter was left in place for 1 week 
and the control cholangiogram showed no 
remaining filling defects. 



Fig* 4 . The stone basket is withdrawn several times 
until the stone is caught in the open basket. 



Fig, 5. The basket is closed around the 
stone by advancing the sheath. 


Case 14 (Fig. 10 ) with an 18 mm. stone 
had a 14 mm. fragment extracted, the 4 
mm, fragment passed into the duodenum. 
A straight French rubber catheter was 
introduced through the sinus tract into the 
common duct at the end of the procedure. 
The control cholangiogram 1 week later 
showed no remaining defects. 

Fourteen patients with 20 stones had all 
of them completely extracted through the 
T-tube drain tract. 

A second surgical intervention became 
unnecessary in all but 1 of the 20 patients. 
The sinus tracts healed and none of them 
have developed symptoms with follow-up 
ranging from 2 months to 12 months. 

COMPLICATIONS 

No complications occurred during in¬ 
strumentation of 20 patients. No premedi¬ 
cation and no local anesthetic was neces¬ 
sary. Some patients complained of pain 
during forceful contrast injection. Only dull 
pain sensation developed during instru¬ 
mentation and only mild pain was experi¬ 
enced during extraction of a large stone 
through a small sinus tract. 
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Four of the 20 patients were placed on 
antibiotics by their referring surgeon, and 
a mild temperature increase occurred in 2 
other patients on the first day after instru¬ 
mentation. 

The length of the procedure varied from 
25 minutes for the patient in the room with 
6 § minutes of fluoroscopy time to 2 § hours 


in the room and 45 minutes fluoroscopy 
time. The length of the procedure short¬ 
ened as we gained experience. None of the 
last 10 patients were longer in the room 
than 45 minutes. 

Radiation exposure was monitored in 2 
patients. One patient with a total fluoros¬ 
copy time of 21 minutes received 7.5 r at 






502 


Chapter 7 Angiography and Interventional Radiology 


VOL. 117, No. i Nonoperative Biliary Tract Stone Extraction 393 



Fig, 7 , A double snare forming a basket with 1 guidewiresis placed through side holes in an arterial catheter. 
Traction on 1 of the 4 wire ends permits lateral manipulation distally to a retamed stone* 


the entry skin at the table top in the field 
and 120 mr on the anterior left chest wall 
outside the field. The roentgenologist re¬ 
ceived in the same case 40 mr at the dorsum 
of his right hand. A pocket dosimeter had 
been placed inside the rubber glove. A 
small shutter opening was used during the 
entire procedure with the roentgenologist’s 
hands outside the field at all times. The 
roentgenologist received 27.0 mr during 
this procedure at the waist level outside his 
apron. 

The radiation exposure dosimetry in the 
second case with 6^ minutes of fluoroscopy 
and cinefluorography time showed 2,5 r at 
the skin entry port at the table top for the 
patient and 80 mr on his left chest anteri¬ 
orly, The roentgenologist received 27 mr on 
the back of his right hand and 4 mr on the 
outside of his apron at waist level, 

DISCUSSION" 

The first technique employed in the non- 



Fig. 8 . Case 9 . A second surgical procedure could not 
be prevented in this patient with retained common 
duct stone. The T-tube bad been placed in the mid- 
line incision and the sinus tract was too tortuous 
for catheterization. 
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Fig. g. Case 4 , (A) The stone basket or (B) a small 
arterial catheter may be advanced through the 
distal common duct into the duodenum in order to 
expell small stones or stone fragments. 


Fig. 10 . Case 14 . If small fragments remain in the 
common duct after extraction, a straight French 
rubber catheter may be positioned and left in 
place for control studies at a later date. 
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operative removal of retained biliary tract 
calculi was instillation of solvents such as 
ether or chloroform. Dissolution of stones 
was claimed by Pribram 50 - 31 as early as 
1939. Dissolution of cholesterol stones by 
chenodeoxycholic acid was reported re¬ 
cently. 8 However* the vast majority of 
biliary tract stones contain little choles¬ 
terol. Eight of the 20 patients in our ma¬ 
terial underwent attempts of gallstone 
dissolution without success. Hospitaliza¬ 
tion for this procedure is costly and compli¬ 
cations do occur. 

Lamis et aL 3 19 and Fennessy and You 12 
reported successful expulsion of retained 
calculi in 3 cases. They employed a soft 
rubber catheter inserted through the tract 
of the removed T-tube, Combined with 
irrigation* the catheter was advanced into 
the duodenum and the stones passed (Fig. 
9* A and B ). Irrigation with oil 4 has also 
been reported. 

The balloon-tipped Fogarty catheter has 
been used for stone extraction during chol- 
edochotomv. 1 We have tried this method 
postopera tively* The balloon was filled 
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Table II 


SUMMARY OF CLINICAL MATERIAL 






Size and 



No. 

Case 

Sex 

Age 

No. of 
Stones 

Location 

Result 

1 

R,G. 

M 

84 

30 mm. 

Common duct 

Deposited in sinus tract; 10 mo. 
follow-up: sinus tract closed, 







no abscess 

2 

L.S, 

F 

26 

4 mm. 

Right hepatic duct 

Right hepatic stone extracted. 





4 mm. 

Left hepatic duct 

Left hepatic stone deposited 







in cystic duct remnant; 
asymptomatic on 9 mo, 
follow-up 

3 

G.U. 

M 

5 ° 

5 mm. 

4 mm. 

Common duct 

Extracted 

4 

E.H, 

F 

74 

5 mm. 

Common hepatic duct 

Fragmented and expelled into 







duodenum; asymptomatic on 
9 mo. follow-up, intravenous 
cholangiogram normal 

5 

DX. 

F 

34 

5 mm. 

Common duct 

Extracted 

6 

AX. 

F 

6S 

3 mm. 

Proximal branch of 

Expelled; T-tube cholangiogram 






T-tube 

1 week later normal 

7 

J.B. 

F 

l 2 

5 mm. 

Left hepatic duct 

Extracted 

8 

S.A. 

F 

7 * 

11 mm. 

Right hepatic duct 

Extracted 

9 

T,W, 

F 

40 

7 mm. 

Common duct 

Unsuccessful, tortuous sinus 






tract, could not be catheterized 

10 

M.F. 

F 

7 1 

4 mm. 

Common duct 

Extracted 

ri 

H,P. 

F 

38 

5 mm. 

6 mm. 

Common duct 

Extracted 

12 

B.R. 

M 

48 

7 mm. 

Common hepatic duct 

Extracted 

13 

W.S. 

F 

62 

9 mm. 

Common duct 

Extracted 

14 

J-K. 

M 


18 mm. 

Common hepatic duct 

A 14 mm. fragment extracted, a 






4 mm. fragment passed; nor¬ 
mal tube cholangiogram 1 
week later 




S.C. 

F 

68 

8 mm. 

Common duct 

Extracted 

16 

M.F. 

F 

48 

10 mm. 







8 mm. 

Common duct 

Extracted 

17 

N.S. 

F 

76 

10 mm. 

Common duct 

Extracted 





6 mm. 



18 

L.F. 

M 

62 

9 mm. 

Common hepatic duct 

Extracted 

19 

E.F. 

F 

72 

6 mm. 

Common duct 

Extracted 

20 

AX. 

M 

63 

11 mm, 

11 mm, 

11 mm. 

Common duct 

Extracted 


with contrast medium and placed distally 
to the calculus. The direction of extraction 
force to the side of the stone resulted in 
angulation, and the stone was wedged 
against the wall of the bile duct. We do not 
recommend this procedure. Eaton et aL> 1Q 
and Henzel etal} A reported 5 cases of injury 
resulting with the use of the balloon 
catheter. 


The Dormia basket was designed for the 
extraction of ureteral stones 5 but is ideally 
suited for biliary tract stones up to about 
10 mm, size. Differently sized baskets are 
now available.* We constructed single (Fig. 
6, A-C) or double (Fig. 7) snares for the 
extraction of larger stones. An .021 guide- 

* Medi-Techj, Watertown, Mass. 
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Fig. ii. A large caliber of the long arm of the T-tube 
is useful in stone extraction, because the diameter 
of the sinus tract limits the size of the calculus to 
be extracted. A larger catheter may be slipped over 
the T-tube in order to achieve this {right), T-tube 
catheters with an obtuse angle may be left in place 
after surgery if stones in hepatic radicals are known 
to remain. This will facilitate instrumentation 
postoperatively {left), 

wire is well suited for this purpose. The 2 
ends of the wire are maneuvered separately 
for positioning of the snare and in order to 
get behind the stone (Fig. 7). A single snare 
may slide off the stone during extraction, 
particularly if force is needed to pull a large 
stone through the sinus tract. If a stone is 
fragmented, we leave a soft, straight rubber 
catheter in place in the duct and repeat a 
control cholangiogram 1 week later to see 
if the small fragments were passed (Case 4, 
Fig. 9, A and B ; and Case 14, Fig. 10). 

If the stone is wedged distally in the 
common duct, the steerable tip of a smaller 
catheter is placed behind the stone and it 
is then moved to a more proximal position 
in the duct for extraction with the basket. 

We have extracted stones up to 1.4 cm. 
in size through the sinus tract of a No. 16 
French T-tube. We recommend that sur¬ 
geons use T-tubes with a larger caliber of 
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the long arm routinely after biliary tract 
surgery in order to facilitate subsequent 
instrumentation. A catheter of this type 
can be constructed readily in the surgical 
suite by slipping a large Foley catheter 
over the long branch of the T-tube after the 
ends of the Foley catheter are cut off 
(Fig. n). The long branch of the T-tube 
should be placed in a right angle to the 
common duct, then through a lateral stab 
wound using a straight and short line to the 
skin. If a stone is seen in the hepatic radi¬ 
cals at operation and if it cannot be ex¬ 
tracted at that time, a T-tube with an 
obtuse angle (Fig. n) may be placed for 
roentgenologic catheter instrumentation 
after operation. Blind instrumentation dur¬ 
ing surgery in an attempt to extract stones 
in biliary radicals should be avoided if 
fluoroscopic control is not available. It may 
result in traumatic extravasation (Fig. 12). 



Fig. 1 a. Traumatic extravasation after attempt oi 
operative instrumentation for small stone in hepat¬ 
ic radical. Extraction is best accomplished by 
nonoperative technique 4 weeks after surgery. 
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Fig. 13 . Case 8. (A) This pos tcholed echo tom y operative cliolangiogram was called normal. The right main 
hepatic radical is amputated by a large remaining duct stone. (B) The postoperative T-tube cholangio- 
gram shows the 11 mm. calculus dearly in the same patient. (C)The same stone was successfully extracted. 


The stone is left in place and then extracted 
in the ambulatory patient by this roent* 
genographic method. 

Small stones can present problems if they 
are smaller than 5 mm. They are difficult to 
visualize during the procedure (Case 6). 
Suction may be of use in these cases. 


The entity of retained biliary duct stones 
will continue to be a common occurrence 
because of hepatic stones* silent stones* un* 
reliability of duct palpation* 5 per cent 
falsely negative operative c hoi angiograms 
(Fig, 13* A-C) y and because of the disuse of 
primary and secondary operative cholan- 
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giography. 17 But the answer to this problem 
is now available with the technique of non¬ 
operative stone extraction. And even though 
some complications can be expected eventu¬ 
ally* when compared to other therapeutic 
methods* the advantages of this roent¬ 
genologic technique are obvious. 

SUMMARY 

Our experience with 20 cases of nonopera¬ 
tive retained biliary tract stone extractions 
is presented, f 

An improved instrumentation technique 
through a steerable catheter under roent¬ 
genologic control is described. 

A second surgical intervention for stone 
removal became unnecessary in all but 1 
of our 20 patients undergoing this new 
roentgenologic technique. 

All 19 patients have remained asympto¬ 
matic after stone removal. 

The technique was unsuccessful in 1 pa¬ 
tient due to our inability to catheterize a 
tortuous T-tube drain tract. 

Compared to re-operation or attempts of 
stone dissolution, extraction under roent¬ 
genologic control in the ambulatory pa¬ 
tient is the method of choice for the treat¬ 
ment of retained biliary tract stones. 

Department of Radiology 

Children's Hospital and Adult Medical Center 

San Francisco, California 94119 

I am grateful to my surgical colleagues for 
their help and encouragement. 
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Perkutane Rekanalisation chronischer artericller 
Verschliisse mit einem neuen Dilatationskatheter 

Modifikation der Dotter-Tedimk 
A. Gruntzig und H, Hopff + 

Defsartemen[ fair lam-re Mcdizin (Prnaf. Pr, P. Prick, Prof. Pr. A. Labhart, Prof. Pr. \V. Siegenthaler) 

Und Rbaa(gemlivtgtu>sta*chc* /.mnaolinsaulaa (Prof, l>r. W. Wdiaucr) tier Unieemtat Zurich 

Eine Modifikation der Dotter-Technik wurde bci 15 Patienten mit 
Stenosen und Verschlussen der Qberschenkel- und Stenosen der 
Beckenarterien angewendet. Bci diesem neuen Vcrfahren wird das 
Verschlufimatcrial nicht mehr durch die ubereinandergcschobcncn 
Dotter-Katheter komprimiert, sondern durch einen Grundkatheter mit 
dehnbarem (gerecktem) Oberkatheter. Dicser Kathetcrhat den Vorteik 
daf? 1 , wahrend des Rekanaiisationsvorganges keine langsgerichtete 
Bewegung im Gefafi stattfindet, was die Gefahr ciner Embolisierung von 
VerscbluKmaterial reduziert, 2 . das dehnbare Segment des Kathetcrs den 
individuellen Gegebenheiten und Dimensioncn des GefaKes (Becken-, 
Oberschenkelarterie) angepaEt isr, 3 . der AuBendurchniesser des 
Obcrkatbercrs im gedehnten Zustand grdfier als 4 mm sein kann und 
4 . das Punktionsloch in der Femoralarterie kleiner ist und jetzt den 
Dimensionen ublicher Katheteruntersuchungen entspricht. Das Vcrfahr-en 
ist einfach, und die Fruhresultate sind giinstig. Die Anwendung im 
Bercich der Beckenarterien wird crleiehterL 


Percutaneous recaualization after 
chronic arterial occlusitm tuili ii 
new dilator-cathctcr (mutlilka* 
lion of the Dot ter technique} 

A modified Dorter leduiiqkEc u.:s 
used in IS potients with stemwn 
or ocdusion.9 in the itppL-r 
and stenoses of the pelvic artefk^. 
Tlic occluding material is num 
cd with a distensible catheter 
introduced over a guide catheter. 
The system has the advantage 
that (1) no longitudinal move¬ 
ment of the vessel oocuis during 
reean a I Nation and the datigeinf 
embolization of the occluding 
material is thus reduced; (!' ihr 
distensible segment of the catheter 
is adjusted to the individual cir¬ 
cumstances and vessel dimen¬ 
sions; (3) the external diameter 
of the outer catheter in its dis¬ 
tended state can be more than 
4 nun; ( 4 ) die puncture hole iti 
the femoral artery is smaller .liiJ 
corresponds to the si/e after [lie 
usual catheter studies. The pro¬ 
cedure is simple and prcliiiiitinry 
results are favourable. It i-. a tv- 
3 alively easy of achieving recAiuli- 
zation of the pelvic arteries. 


Die perkutane Rekanalisation chronischer kurzstreckiger 
Verschliisse oder Stenosen der Femoral arterie wurde von 
Dorter und Judkins 1964 ( 1 ) eingcfiihrt und von ver- 
schiedenen Arbeitsgruppen aufgegriffen ( 4 , S* 9 ). 

Im dcutschsprachigen Raum ist dieses Bchandlungs- 
verfahren insbesondere von der Arbeirsgruppe um 

* cmcriticrter Professor fur organtsch-ehemische Technologic der 
Eidgcnbssisdicti Tcchnischcn Hochschule Ziirich 


Zeirler ( 11 - 14 ) vertreten worden, Es liar inzwischen in 
Zurich semen Plntz im thcrapemisdien Konzept der 
interdiszipiinaren GefaGsprechstimdc 1 gefunden ( 5 ), Auf 
unsere bisherigen Erfahrungen mdchten wir hier mir 
kurz eingehen, da fur ausfiihdicker iiber eine Modifika- 

1 Lei ter: Privatdo/em Dr, A. Bollinger* Mcdizinischc Polikliaik, Prof 
Dr, U- Brunner, Chimrgtsche Klinik B, PrivarJo/cur Dr W. Meter, 
Chirurgisehe Klintk A der Universitat Zhrich 
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Etecmbcr 1374, 39. Jp, 


tlfiifluifi, PerkuraiK Rck.in.iEi&aiiun dironisUicr ancridtcr VcrsdilEosc 


2.503 


[ion tier Dotter-Technik berichten, die wir seit einein 
hlbcn jahr klimsch anwenden und die die bisherige 
hschiuk verbessert, 

Vorgehen nacli Dotrcr 

Tabuik. In Lokalaniistheste wird vom Ldstcnb.ind aiis nach der Sel- 
liingfr-Technik die A. femordis superficial i$ sortdiert mid unter 
Rortgen-Fernseh-Durdileuditung cin Fiihrungsdraht (J-guidc) durch 
Jni Vcrsdiliif? oder die Stenose manovnert. Dicscr dsent fur zwci 
ludifulgcndc Kathctcr a Is Leitschiene. Die beiden Kntheter habeu 
Jk Grosscn Charriere 3 und 12 (4 mm) und werden konxial narh- 
imd tihcrcEnandcr durch den Vcrsdilufi geprcfSt. Dadurch wird tin 
toes Lumen gefonnt und das Gefafi wiqdqr fiir den Blytstrom 
iiudigangig. In being auf tcchnischc Einzdhcitcn sci quf die Litera- 
iiirrcrnriesci! (1-3,11-14), 

Ergebnisse* Wir begannen in it dem Verfahren- Endc 
J97L Die mediknmentose Zusatztherapie besteht zur 
7 m in dcr Vor- imd Nachbehandlung mit Acetylsalicyl- 
saurepraparaten (12). Am Tage des Eingriffs beginnen 
wir zusatzlich mit Dauerantikoagularion (Cumanne) 
und setzen das Sallcylat beim Erreichen von Quick- 
Wcrtcn zwischen 20 und 30% ab. 

Bei 60 Behandlungsvcrsuchen (mktlcres Alter 67Jahre, 
Berddi 45-81 jabre) konnten 50 gunstige Friihresultatc 
eaielt werden. Infolge des Eingriffs besserten sich die 
svsrolischeii Driickc in den Knochclartcrien, gemessen 
mit Dopplcr-Ulrraschall, im Mittel von 97 (± 29) auf 
122 (± 34) mm Hg + Die mittlere systolische Druckdiffe- 
renz zwischen Arm- und Knochelarterien nabm von 64 
(± 31) auf 24 {± 28) mm Hg ah. Das entsprach einer 
[Lduktion auf 38% des Ausgangswcrtcs und frii Keren 
Ikobachtungcn (5). Die viertdjahrlidien Nadikontroiien 
ugaben, dal? bei 27 Patiemen, bei denen die gelungene 
Rebnalisation langer als ein jahr zurucklag, sieben 
Rezidivverschlusse bzw. -stetiosen auftraten. 

Zdilcr und Mitarbqircr (13, 14) gabun bei einer grdffcren Zabl von 
FittciUcn folgende Ergebnisse an; fi0% giinstige Fruhre&ultaic und 
Rcddivq iincb einem Jahr imd 52% uadi s'wet JaKren. 

\hhteile. 1, Die D otter-Katheter werden in Langs- 
riditung des Gefiifics durch das Verschlulsmatcrial gc- 
schoben, was zu einer Embolic fiihren kann. Diese Kom- 
plilcation ist zwar relativ selten und wird am Untcr- 
sdienkel zumcist in kurzer Zeit kompensiert (5, 12), sie 
bietet aber die Anwendung des Verfahrens in Gefal?- 
gebieten, in denen auch kurze Ischamiezeiten nichr tole- 
riort werden (2). 

2. Das Punktionsloch am Leistenband entspricht etwa 
Jem Aufiendurchmesser des zuletzt verwendeten Kathe- 
rers (4 mm). Da durdi werden die Risiken einer Nadi- 
blumng oder eincs pulsiercnden Hamatoms (Aucurysma 
spurium) grdfier als bei den ublidven Katketerimter- 
MLiliungen. 

3 . Fiir die Gberschenkelarterie ist das von den Kathe- 
tern geschaffene Lumen von etwa 4 mm Durehmesser 
hitmodynamisch zumeist atisreichend. Fiir die lliaca- 
Arterie geniigt dieses Lumen jedoeb nichr. 

Zeitlcr und Mitarbeiter (12) empfahlen einc Dehnung 
dcr Stenosen mit einem Fogarty-Ballon-Katheter. Wir 

^ ir vcrtbuikcn Prof. Dr. E, Zcitlcr die Einfiihrung in die Dotter- 
TcAnik. 


konnten damit keine uberzeugende hamodynamisdie 
Verbesserung erzielen. Der elastisehe Latex-Ballon folgt 
dem germgsten Widerstand und weicht einer Stenose 
sanduhrformig aus. Fine Verbesserung wurde inzwi- 
schen von Porstmann ( 10 ) angegeben; es bandelt sich 
um emeu Korsett-Ballonkathcter, bei dem jedoch hin- 
sichtlich Grdfic (Charriere 12), Oberflachengestaltung 
und Dmekverteilung noch cinige Probleme m bestehen 
scheinen. 

Modifikatioti der Technik mit 
e i n em D ilata tio n ska th c te r 

Nachdem in Ticrversuchen versehiedene andere Tech- 
niken studien warden waren (6), fand sicb mit der Hcr- 
stdlung des folgendenKatheters 3 die bishcr bestcLosung: 
Ein dunnwandiger Polyvinyldilorid-Schlauch wird in 
einem bestimmten Abschnitt durdi Dehnung unter 
Para lie! rich rung der langen MoiekiiJketten (Rcckung [ 7 J) 
auf einen deni Gefafi cntspredienden Durehmesser und 
auf die dem Verscblufi oder dcr Stenose entsprechende 
Lange vorgeformt. Dieses Scklauchstiiek wird fiber einen 
Grundkatheter (im allgemeinen Charriere 6) gezogen 
und wenige Zenrimerer hinter der Spitze fest mit ikm 
verbunden. Unter dem aufgescrzren Schlaudistuck hat 
der Grundkatheter Seitenldeher, Der gerecktc Teil des 
Oberkathetcrs lege sick eng - etwa wie ein aufgerollter 
Regenschirm - uni den Grundkatheter. Der Aufien- 
durchmesser des Gesamrkatheters vergrofiert sich da- 
durch um 1-3 Charriere auf etwa 2,3 bis 3,0 mm. 
Zum Eingriff sclbsr wird das Gefafi w ic iibljdi mit dem 
flexiblen Fiihrungsdrahc und einem Angiograpkie- 
katheter sondiert. Anscbliefiend wird anstelle des 
iiblichen Dottcr-Kathctcrs der ncue Katlietcr cingefiihrt 
und mit seinem dehnbaren Segment, dem Fiikrungsdraht 
folgcnd, im Verschlufi oder in dcr Stenose in Position 
gcbracht. Nach Rtickzug des FLihrungsdrahtes ver- 
schliefit man den Grundkatheter mit einem Tip- 
Occluder. Am Karhetercnde sind ein Y-Verschlufistuek 
und cine kleme Spritze (2 cm 1 ) angeschlossen, so dafi 
der Oberkatbeter iiber die Seitenldeher nut FKissigkeit 
(physiologischer NaCl-Losung und Kontrastmitrel) gc- 
fullt werden karm, Obt man manuell mit der Spritze 
Druck {etwa 2-3 arii) auf die Fliissigkdt aus, so nimmt 
dcr Oberkathcrer die vorbestimmte Form an (Abbildung 
r v b und 2 b), wobei das Verschlufimaterial an die Wand 
geprefit wird. Die Matedalbeschaffenheit des Oberka- 
rhetors verhindert, dafi die Dimension des ge reck ten 
Schlauches uberschntten werden kann. Dadurch ist es 
dem Oberkatheter nichr moglich, einem geringen Wider¬ 
stand zu folgen und etwa einer Stenose sanduhrformig 
auszuwcichcn. Wird der Oberkathcrer zu stark unter 
Druck gesetzt, so reifit er in Rcckridmmg langs ein, wo- 
hei sich der Inncndruck augenblicklich reduziert, da 
Wasser nicht komprimierbar ist. Die Gefafiwand kann 
also durch das Plarzciv des Katheters nicht verlcrzt wer- 
den. 

T Der Kailietcr wird fiir uns von W. Sclilunipf, Ziirich, hergcstcllt. 

^ Abbildungcn l und 2 $iehc Tafd Sciic 2511 
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Nath erfolgtcr Dilatation wird der 0 berk a the ter ent- 
leert und etwas Unterdmck erzeugt, wodurch das dehn- 
bare Segment sich wiedcr eng um den Grundkatheter 
legt. Nun kann an anderer Stelie der Vorgang wieder- 
holt oder der K a there r zuriickgezogen werden. Fiir die 
Konrrolle des Befundes oder eine abschlidfende Angio¬ 
graphic wird jcweils der Tip-Occludcr zumckgezogen. 

Ergebnisse 

Bisher konntett 15 Patienten 4 behandelt werden (Ta- 
belle 1). Fiir die Oberschenkelartenen verwendeten wir 
Katheter mix emem dehnbaren Segment in Langen von 
2-10 cm und einem Augendurchmesser von 4-6 mm. 
Die Ergebnisse sind in der Tabclle 1 zusammengefafk, 
A lie Pa den ten litten an Claudicatio intermittens und 
batten zusatzlich Stenosen oder Versehlusse in den 
Untersehenkelstammarterien, Die systolische Druckdiffe- 
renz zwischen Arm- und Knochelarterien reduzierte sich 
auf 32% des Ausgangswertes. Die Patienten wurden 
beschwerdefrei, Die Ergebnisse der bisherigen Kontrol- 
len nach 3 Monaten (Tabelle 1, Abbildung 1} sind 
guns tig, Komplikationen traten nicht auf, 

4 Iiizwischen hat sich die Zahl der behanddten Patientcn auf 25 er- 

hohe Die gunstigen ersten Erfahrungeti haben sich bestarigt. 


Bci den kurzen Uiaca-Stenosen verwendeten wir dehn- 
bare Segmente von 2—4 cm Lange und 7-10 mm AuiAn- 
durchmesser, Bci ftinf der seeks Patienten lag zusatzlich 
ein ausgepragter artenosklerotischer Befall anderer 
GefaSarcale vor. Die bisherigen Erfahrungen und Friilr- 
ergebnisse sind giinstig (Tabelle 1, Abbildung 2), Eimnal 
trat nack der Behandlung eine Nachblutung auf, die 
cine Obetnahung des Punktionsloehs am Leistenband 
notig machte 5 , Bei dieser Patiemin (Fall 10) mit einer 
subtotalen Stenosc der A, iliaca externa und einem gut 
kollateralisierten totalen Verschlu^ der A. femora!is 
superficial is wurde damals zur Dilatation der Iliaca- 
Stenose noch ein groGercr Grundkatheter verwendet, so 
daft der Gesamt katheter e ben falls Gharri ere 12 erreichte, 
was die Nachblutung erklatt. In der folgezcit konntc 
die Grofte des Grundkatheters jedoch auf die oben be- 
sdmebenen Mafte reduziert werden. 

Diskussion 

Die perkutane Rekanalisation chronischer arteridki 
Verschliisse und Stenosen der Femoral a rterie mit Hi Ik 
des Dotter-Prinzips kann weder die Ursache noch die 

1 Opera tear: Prof, Dr, A, Senning, Chirurgische Kiirtik A der Uiii- 
versitat Zurich 


Tab. 1. Ergebnisse der systolischen Druckmcssung mil Doppler-Ultra schnl I an den Knochelarterien vor, am 3. Tag nach der RckanalisatLo® 
und nach 3 Monaten 







Knocheldriicke (mmHg) 



Fall 

Tmtialen, 

Geschicdu 

Aker 

(Jahre) 

vor 

abs. [ P>is[- 
P»ysit* Diff. ** 

3, Tag nach 

abs. | Kysr 
Fisyst | Dlff, 

3 Monate 

abs. 1 Ppyst- 
Psy*t Diff. 

Diagnose 


Oberschenkelarterien (Verschliisse oder Stenosen) 





1 

EG, 

9 

73 

72 

118 

108 

65 

106 

39 

Femoralis-VerschluS + periphery Stenosen 

2 

0. F, 

<5 

67 

170 

20 

189 

6 

190 

10 

Fcmoralis-Stcnoscn + periphere Stenosen 

3 

Z. O. 

9 

76 

58 

107 

136 

24 

126 

39 

FemoraIi$-Vmchlul£ + periphere Stenosen 

4 

F. E. 

6 

50 

92 

48 

130 

15 

118 

12 

Femoralis-Stcnosen periphere Stenosen 

J 

D. R. 

6 

69 

138 

52 

136 

19 

145 

5 

Femoralis-Stenosen + periphere Stenosen 

6 

B. L. 

9 

64 

78 

87 

136 

4 

126 

24 

Femoralis-Versdilufl 3- periphere Sicno$en 

7 

H. E. 

9 

60 

112 

13 

130 

3 

154 

-14 

Femoralis-Stenoscn + periphere Stenosen 

8 

A. C. 

9 j 

74 j 

115 

15 

126 

9 

144 

- 4 

Fcmoralis-Sfenosen + periphere Stenosen 

9 

W. F, 

6 

JO 

57 

73 

112 

23 

150 

0 

Femoralis-VerschluS + periphere Stenosen 


Gesamt 

65± 10 

99+38 

60±39 

134±23 

19+19 

140+25 

12+ IS 

_ 

Beekenarterien - 

Stenosen 








10 


9 

76 

45 

95 

86 

42 

92 

48 

Iliaca-externa-Stenose 4- Femoralis-VersdduE 

11 

H. H, 

6 

73 

162 

43 

163 

- 8 

170 

0 

liiaca-communis-Scenose, 2 Hcrzirifarkte, 
Adipositas 

12 

O, A, 

9 

59 

104 

39 : 

110 

5 

140 

- 5 i 

Iliaca- comm unis-Ste nose 

13 

N. H. 


47 

150 

-20 

170 

-37 

165 

-37 

Iliaca-externa-Stenose, 2 Hemnfarkte 

14 

CH. 

<5 

54 

SO 

50 

88 

27 

10S 

22 

Hiaca-excema- und -commonis-Stenosc + Fe¬ 
mora l is- Verschl ui? 

15 

V. R. 

6 

52 

160 

30 

124 

26 

135 

25 

Iliaca-communis'Stenose + Oberschenkel- 
stenosen 

i 


Gesamt 

62±12 

117+48 

40+36 

124+36 

9+29 

135+31 

9+29 

1 


* abs. Psjrst — absolute sysioiische Druckwerte 
** Psyst-Diff. = systolische Druckdiffcrenz Arm - Knochel 
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N'r, fi. Dcicmbcr 1974, 99. Jj(. 


GriJmiig, Hopff: Perkutanc Rckanalisation dirnjiisdicr arwridler VendilQssc 


2 5°5 


Progredienz der arteriellcn VerschluSkrankheit bedn- 
ilussen {13), Die zeitlich begrenzte Verbesserung dcr 
Hamodynamik stel It jedoch einen Erfolg dieser eirv 
fhehen und unbetastenden Methode dar, die auch bet 
Paricnten mit erhohtem Opera tiansri si ko a age wend et 
werden kann. Sie bat sich dad arch einen Ptatz in dcr 
Therapicwahl des angiologisch tatigen Jnternisten and 
Chirurgea sichern konnen (3, 5, 9, 13). 

Mit der bier besch riebenen neuen Dilatations technik 
ist das Dotter-Verfahren modifiziert, niebt aber im Prin¬ 
zip verandert worden. Das VerschlufSmaterial wird eben- 
Mts in sich komprimiert and in die Wand gedriidet, 
Dcr Dilatation ska the ter hat jedoch tin seres Era ch tens 
gegeniiber den koaxial iibereinander durcb den Vet- 
sdilul? geschobenen Dotter-Katheter vicr Vorteile: 

L Das Vcrschluftmaterial wird zusammengeprefit, 
ohne da£ eine iangsgerichtete Bewcgung stattfindet. 
2. Das gercckte Segment des Obcrkathctcrs kann den 
jeweihgen Dimensionen des befallenen GefaGes (zum 
Beispiel Beckett- oder Obcrschcnkelarteric) angepafSt 
werden. 3. Der Au^endurchmesser, den der Katheter 
wahrend des Dilatatkmsvor gangs erreichen soil* ist niebt 
auf 4 mm besch rankr. 4. Das Pimktionsloch in der 
A. femora I is am Lcistenband ist kleiner and entspricht 
jetzt den Dimensionen anderer Kathctemntcrsuchungen 
{/.um Beispiel Linksherzkatheter). 

Diese Vorteile sollten die Gefahr einer Embolic oder 
Nachblutung reduzieten konnen and die Anwendung 
im Bereich der Beckenartericn crleichtern. Die Technik 
ist emfadi, und die Fruhetgebnisse sind gut. Einc Appli- 
kation des Verfabrens aaf andere Gefaftareafe ist denk- 
bar. Wir mochten jedoch darauf hinweisen, daE es sich 
Pei dem Dotter-Verfahren — auch in der besch riebenen 
modifizierten Technik - am einen Eingriff am artericllen 
GcfaEsystcm handelt, was wcgcti der Moglichkeit von 
Komplikationen eine hauseigene GefaEehirurgie voraus- 
setzt. Zudem sollte die Indikation zur Rckanalisation im 
Fin/elfall gemeinsam von den Angiologen, GefaEchirur- 
gen und Rontgenologen besprochcn and gestcllt wer- 
tlen. Unter dicser Voraussetzung ist das Verfabren 


unseres Erachtens cine wert voile Erganzung der bereits 
bcwiihrten konservativen and ope rati ven Beb and lungs- 
methoden. 

Dipl. diem. R. Bucher und Dipl.-lng. W. Schmid, HTH Ziiridi, A. 
Asher, Zurich, £. Sdiaerer jun,, Bandfabrik Niederlcnz, und 
Sdilumpf, Ziirich, sind wir Bir ah re sinndige Berdisctiaft, uns hei 
icchaiisdicn Pmblemcn zu beraten und tatkraftig zu urtterstutzen, 
zu Dank verpfliditet. 

Fraulein J. Mohacsi verdanken war die Aujfiihrung dcr Schreibar- 
bck. 
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7.9 Transluminal dilatation of coronary-artery stenosis 


Andreas R. Gruntzig (1939-1985) 


Andreas Gruentzig was born in Dresden, Germany in 1939. He completed his for¬ 
mal education in Heidelberg. He graduated in medicine in 1964 from Heidelberg 
and completed the rotating internship by research in epidemiology. It was at that 
time that he developed his interest in coronary artery disease. He trained in the 
Ratchow clinic in Darmstadt, Germany. He moved to Zurich as a fellow of Dr 
Bolanger and in the angiology department he demonstrated his inventive tech¬ 
niques by developing a method to measure the one-half relaxation time of the 
Achilles’ tendon reflex produced by electrical stimulation to evaluate ischemic 
limbs. He then moved to the department of radiology and visited Dr Zeitler in 
Frankfurt to observe the Dotter method. He introduced this method at the 
University of Zurich. An early demonstration of the technique of angioplasty re¬ 
sulted in the entire plaque embolizing into the popliteal artery. This resulted in ra¬ 
diologists becoming very sceptical of this new technique. He nevertheless persist¬ 
ed, like all great pioneers, and with the help of Dr Ake Senning, chief of cardiovas¬ 
cular surgery and Dr Walter Siegenthaler, chief of medicine he eventually 
managed to collect a small series of Dotter cases, working mostly during the lunch 
break while he was a full-time fellow in internal medicine. Gruentzig had heard of 
the ideas of Porstmann, who had placed a latex balloon in the slotted angiograph¬ 
ic catheter. He worked evenings in his kitchen with his wife, Michaela, his assis¬ 
tant, Maria Schlumpf and her husband Walter. They designed many versions of 
the balloon catheter, which they built with bits of rubber thread in epoxy glue. A 
double-lumen catheter was first used in the iliac artery on 23 January 1975. The 
success of this method resulted in him wondering whether this technique could be 
used in the coronary arteries. His first attempts to dilate the coronary arteries 
were first performed in dogs on 24 September 1975. In 1976 Andreas Gruentzig 
visited the United States for the first time to present his experiments in the poster 
session of the 49th scientific session of the American Heart Association in Miami 
Beach. This exhibit was greeted with great interest. On 16 September the first pro¬ 
cedure of coronary angioplasty was performed. The vessel remained patent with¬ 
out re-stenosis. Soon afterwards Dr Gruentzig had collected enough data to pub¬ 
lish an important paper in the New England Journal of Medicine on this technique. 
Today the technique has become routine. Unfortunately Dr Gruentzig died in an 
air crash in 1985. 
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Letters to the Editor 


TRANSLUMINAL DILATATION OF 
CORONARY-ARTERY STENOSIS 

SiR y —In September, 1977, we introduced a technique for 
percutaneous transluminal coronary angioplasty (p.t.a.). This 
technique consists of a catheter system introduced via the 
femoral artery under local anaesthesia. A preshaped guiding 
catheter is positioned into the orifice of the coronary artery 
and through this catheter a dilatation catheter is advanced 
into the branches of the artery. This dilatation catheter (outer 
diameter 0-5—1 -25 mm) has a sausage-shaped distensible seg¬ 
ment (balloon) at the tip. 

Alter traversing the stenotic lesion the distensible segment 
is inflated with fluid (50% contrast material, 50%* saline) to a 
maximum outer diameter of 3 0-3-8 mm by a pump-con- 
trollcd pressure of 5 atmospheres (about 500 kPa). This pres¬ 
sure compresses the atherosclerotic material in a direction per¬ 
pendicular to the wall of the vessel thereby dilating the lumen. 


DETAILS OF FIVE CASES TREATED BV P.T.A. 


Patient 

Age 

Sex 

Date of 
dilatation 

Stenosis 

Primary 

success 

1 

38 

M 

Sept. 16, 1977 

L.A.D. 85% 

+ 

2* 

44 

M 

Oct. 18, 1977 

L.C.A, 70% 

— 





(calcified) 





Jan. 10, 197$ 

R.C.A, 80% 

+ 

3 

43 

M 

Nov. 21, 1977 

L.A-D. 75% 

+ 




Nov. 21, 1977 

R.C.A. 95% 


4* 

43 

M 

Nov. 24, L977 

L.C.A. 80% 

+ 

5 

61 

M 

Dec. 20, 1977 

L.A.D. 95% 

+■ 


L.C.A^main left coronary artery; L.A,D,=leFt anterior descending; 
h.c .a,— ri gh t coronary artery. 

* Dilatation done at University Hospital, Frankfurt. 


Experience with over 250 peripheral-artery lesions treated 
by this technique has demonstrated, via morphological studies, 
that the atheroma can be compressed leaving a smooth luminal 
surface. The patency-rate, two years after dilatation of iliac 
and femoropoplitCiil atherosclerotic lesions, was greater than 
70%. 1 

After experimental 2 3 and intraoperative 2 studies the first per¬ 
cutaneous coronary dilatation was done on Sept. 16, 1977, Five 
patients with severe stenotic lesions of the coronary arteries as¬ 
sociated with refractory angina have so far been treated by 
coronary p.t.a. (table). Angiograms for one of these patients 
arc shown in the figure. No complications were noted. Fol¬ 
low-up studies by serial stress-testing with myocardial imaging 
(thallium-201) and angiography suggest that p.t.a, may be an 
effective treatment in certain patients with severe discrete non- 
calcified lesions of the coronary arteries. 

This technique, if it proves successful in long-term follow-up 
studies, may widen the indications for coronary angiography 
and provide another treatment for patients with angina pec¬ 
toris. 

Depart me rvi of lrUernal Medicine, 

Medical Policlinic, 

University Hospital, 

Itm Ziirkh, Switzerland ANDREAS GrUNTZIG 


1. Grunizigi A. Die pcrktilime translununile Kekarialisalion ehroaiisdier Artcr- 

ienverschliissc mit cincr ncueu Dilatanonstcctimk; p. 50. Baden-Baden, 
L977. 

2. Grumzig, A„. Riedhammer, H, H„ h Turing, M., Ruiishauser, W, Vcrh. Dl 

gw. K nth in ttffo n chK ■ 197 6,42,26 2 . 

3. Gruntzifi A., Mjlet, R., Hanna, E., Turitia, M. Cireubtiot^ 1977, 56, S4 

(abjtr.)- 



Dctails of patient 3. 

43-ycar-old man with severe angina pectoris since September, 1977. 
First angiogram (Nov. 11) revealed severe stenosis of the main l.c.a. 
and only slight wall abnormalities in some of the branches of l.c.a. 
After informed consent p.t.a. was done on Nov. 21. 

(A) The angiogram before p.t.a. (done under nitroglycerine cover), 
with the guiding catheter in the orifice showed 80% proximal stenosis 
oft he l.c.a. 

(B) After passage of the dilatation catheter the distensible balloon 
segment was inflated twice to a maxi mum outer diameter of 3-7 mm, 
During the dilatation the patient experienced a short period of angina 
pectoris which quickly disappeared after della lion of the balloon. 

(C) The angiogram after the procedure showed a good result with¬ 
out complications. There was no enzyme rise or e.C-G. change after the 
treatment. A good clinical result has persisted in the following weeks, 
confirmed by stress tests. 
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7.1 o Percutaneous biliary drainage, technical 

and catheter related problems in 200 procedures 


Peter R. Mueller (born 1947) 


Peter Mueller was born in Boston, Massachusetts on 20 June 1947. He received his 
BA from Harvard University, Cambridge, MA in 1969 and his MD, University of 
Cincinnati Medical School, Cincinnati, Ohio in 1973. 

He started his Medical Internship in 1973 at Cincinnati General Hospital, 
Cincinnati and became Radiology Resident, Massachusetts General Hospital, 
Boston between 1974-1977. He became Instructor in Radiology (1977-1981), 
Assistant Professor of Radiology (1981-1984), Associate Professor of Radiology 
(1984-1999) and in 1999 he was appointed Professor of Radiology at Harvard 
Medical School, Boston and subsequently Division Head, Abdominal Imaging and 
Interventional Radiology, Massachusetts General Hospital, Boston. 

Mueller is Fellow, American College of Radiology (1991), Honorary Fellow, The 
Royal College of Radiologists, London, England (1995), Honorary Fellow, Royal 
College of Surgeons in Ireland, Dublin, Ireland (1998). In 1993 he was appointed 
President of the Society for Minimally Invasive Therapy (SMIT). In 1994 he be¬ 
came Secretary of the Society of Hepato-biliary Radiology. In 1998-1999 he was 
President of the New England Roentgen Ray Society. He has published more than 
300 scientific papers, 288 abstract presentations, 54 book chapters, and three text¬ 
books. 

Peter Mueller’s early and main area of research was in the evaluation and devel¬ 
opment of non-vascular interventional techniques. Over the past 20 years his divi¬ 
sion has introduced or refined a number of interventional procedures. Early in his 
career most of the papers were analyses of interventional procedures in the biliary 
tree. These included a number of papers which described techniques for percuta¬ 
neous treatment of benign and malignant biliary obstruction. 

In addition, he and his colleagues, including Eric van Sonnenberg, introduced 
percutaneous drainage procedures of fluid collections and abscesses to the 
Massachusetts General Hospital. Techniques and procedures first developed at the 
MGH have been taught nationally and world wide through papers and lectures 
and are now standards of care. Although his first area of interest is abdominal ra¬ 
diology, he has introduced interventional techniques to other anatomic areas such 
as the pleural space. Drainage procedures of the pleural space are now used 
worldwide. 

Throughout his career he has always tried to find innovative methods for deal¬ 
ing with interventional problems. Mueller helped develop a patented method for 
performing percutaneous gastrostomy as an alternative to either surgical or endo¬ 
scopic placement of gastrostromy tubes. This method is essentially a percuta¬ 
neous method for placing a tube that is analogous to that used by surgeons. He 
also was involved in the development of a metallic needle which can be used in 
magnetic resonance imaging. 

More recently Mueller has been the point person for the use of alcohol and ra¬ 
diofrequency ablation of liver tumors and treatment of benign prostatic hypertro¬ 
phy. Recent articles in his CV reflect both his laboratory work and clinical applica¬ 
tion of these methods. Both programs represent successful clinical methods of 
treatment of malignant tumors of the liver. 

Picture courtesy Peter Mueller, MD, 2004. 
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Eric van Sonnenberg 

Eric vanSonnenberg got his Bachelor of Science in Zoology in 1968 from George 
Washington University, Washington, D.C. and his medical degree from University 
of Cincinnati, School of Medicine, Cincinnati, Ohio in 1973. At the New York 
Medical Colllege, Metropolitan Hospital he started his internship in surgery (ro¬ 
tating) in 1973 and became resident (1974) and chief resident (1976) in internal 
medicine. In 1976 van Sonnenberg started his residency in diagnostic radiology at 
Massachusetts General Hospital, Harvard Medical School, Boston, Massachusetts. 
Here he became fellow (1976-1979) in CT, Ultrasound, GI, and Interventional 
Radiology, Clinical Fellow (1979-1980) and Instructor in Radiology (1980-1981). 
He went to the University of California, San Diego and became Assistant Professor 
of Radiology (1981-1984), Associate Professor in Residence in Radiology and 
Medicine (1984-1989) and Professor in Residence, Radiology and Medicine 
(1989-1993). In 1993 van Sonnenberg was appointed Chairman and Professor of 
Radiology and Professor of Internal Medicine and Surgery at the University of 
Texas Medical Branch, Galveston, Texas. He was appointed Chief of Radiology at 
the Dana Farber Cancer Institute (2000) and Consultant Interventional Radio¬ 
logist at the Children’s Hospital of Boston (2002) at Harvard Medical School, 
Boston, Massachusetts. Since 1999 he has been Visiting Professor of Radiology at 
the Brigham and Women’s Hospital, Harvard Medical School, Boston, Massa¬ 
chusetts. 

Eric van Sonnenberg is a member of several national and international scien¬ 
tific societies. Among them the Radiological Society of North America (RSNA), 
American Roentgen Ray Society (ARR), Society of Gastrointestinal Radiology 
(SGR), American Institute of Ultrasound in Medicine (AUM), International 
Society of Hepato-Biliary Pancreatic Radiology (ISHBPR), American College 
of Radiology (ACR), International College of Surgeons, European Society of 
Interventional Radiology (2003). He is a reviewer and editor of several scientific 
journals. He has published 257 original papers, 96 books and chapters, 344 scien¬ 
tific abstracts, and presented 1194 lectures. 


J.T. Ferrucci 
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Percutaneous Biliary 
Drainage: Technical and Catheter- 
Related Problems in 200 Procedures 



Analysis of 200 consecutive percutaneous biliary drainages revealed critical techni¬ 
cal and clinical components not previously emphasized. In this series, successful 
drainage was achieved in 188 (94%) of 200 instances, and 67 (36%) of the 188 patients 
were discharged from the hospital without formal surgical exploration. Severe acute 
peri procedural complications occurred in 16 (8%) of the 200 procedures (death, three 
cases; septicemia, seven; and bleeding, six). Minor periprocedurai complications oc¬ 
curred in 39 (20%) of the 200 instances (postprocedural fever, 21; hemobilia, 18). 
Significant delayed in-hospital complications with catheter function occurred in 22% of 
procedures (pastelamping cholangitis, 36; catheter leaking eight). In outpatients under 
chronic catheter care, complications including inadvertent catheter dislodgment, tube 
obstruction, and cholangitis occurred at least once in most patients. Details of the 
etiology, prevention, and management of these major and minor complications are 
outlined. 


Previous reports from this and other institutions have documented the effec¬ 
tiveness of percutaneous biliary drainage for relief of biliary obstruction [1 -5]. 
Until recently, however, limited case experience has not permitted critical analysis 
of the various technical and clinical problems that may occur during the proce¬ 
dure or during aftercare of the drainage catheter system as percutaneous biliary 
drainage becomes more widely applied and more difficult cases are attempted, 
the technical complexities encountered consistently exceed available descrip¬ 
tions in the literature. In an attempt to bridge this gap, we are supplementing our 
initial report of the first 62 cases undergoing percutaneous biliary damage in this 
hospital (1 j by reviewing procedural details and complications in our present total 
experience of 200 procedures through June 19S1, 


Materials and Methods 

Percutaneous biliary drainage was performed on 200 occasions in 188 patients. Final 
diagnoses were: pancrealic cancer, 108 (54%) of 200 procedures; periportal metastasis 
(colon, breast, lung), 36 (18%); carcinoma of bile duct or gallbladder, (13%); failed biliary 
enteric bypass. 13 (7%); benign stricture, eight (4%); and common duct Stone nine (4%), 

The indications for biliary drainage were primary palliative drainage, 10B; preoperative 
decompression (benign and or malignant), 68; sepsis, 25; failed biliary enteric bypass, 15; 
and stricture dilatation five. Some patients were drained for more than one indication (e g., 
jaundice and sepsis). 

Successlul insertion of either an external or internally draining calheler was carried out 
in 108 (94%) of the 200 procedures. Internal drainage was achieved in 144 (72%) of 200 
and external catheter drainage in 44 (22%). 

Pancreatic cancer was the most common diagnosis (108 [54%] of 200). in 51 (S0%) of 
the 108, biliary drainage was the primary palliative therapy; 42 of the 108 were drained 
preoperatively for 3-7 days. All palienls undergoing preoperalive decompression were 
allowed to drain externally even if ihe catheter had been negotiated through ihe obstructing 
lesion. 
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TABLE 1: Complications of Percutaneous Biliary Drainage 


No. Patients fn - iS8J 


Acute: 

Death 3 

Bleeding 6 

Sepsis 7 

Fever. 21 

Hemobilia IB 

Delayed (in-hospital): 

Postdamping cholangitis 21 * 

Cholangitis with multiple seg¬ 
mental obstructions 15 

Leaking around catheter 6 _ 

No. Paltenls/Np. EjMsOdfrs 

Delayed (outside hospital): f 

Dislodgment 11/28 

Cholangitis 13/20 

Tube obstruction 7/14 


* This is 01 the last 3 S [walienis who underwent clamping. 

f Follow-up ■data available or> *0 ol 67 paSienls discharged. 

Of 108 patients who had an external or internal drainage proce¬ 
dure, 67 were discharged from the hospital Accurate follow-up was 
obtained in 40 patients. Of the rest ©6 were drained for preopera!tve 
decompression (malignant or benign disease), 37 died in the hos¬ 
pital for reasons not directly related to their drainage, three died as 
a result of the drainage, and 15 patients underwent insertion of a 
permanent biliary endoprosthesis. Of the ©7 patients discharged, 
51 had malignant disease; the average survival in this group was 
less than 7 months. Sixteen of the 51 patients survived 7 months or 
longer. Of these, two had a diagnosis of adenocarcinoma, presum¬ 
ably in the pancreas, and were alive and well 7 months after 
drainage. The rest had metastases to periportal nodes from a variety 
of sites, including Sung (three), breast (two), colon (one), renal cell 
carcinoma (one), lymphoma (one), hepatoma (one), metastatic ad¬ 
enocarcinoma (two), and carcinoma unknown primary (three). All 
patients with periportal metastases were treated with a combination 
of chemotherapy and/or irradiation. 

Results 

Complications are listed in table 1 as either acute or 
delayed. Delayed complications are subdivided into in-hos- 
pitai and postdischarge complications. 

Acute Complications 

Death. Three patients died from complications directly 
related to percutaneous biliary drainage. Of these, two died 
from bleeding believed to result from 10 or more punctures 
of the liver with an 18 gauge sheath needle. One patient 
with severe emphysema sustained a pneumothorax and 
bilious pleural effusion that led to his death. 

Sepsis and fever. Seven patients had frank septic epi¬ 
sodes (severe hypotension and positive blood cultures). All 
of these had infected bile or were febrile prior to the drain¬ 
age There was transient fever in 21 patients after catheter 
insertion, but it required no specific additional therapy. 

Bleeding and hemobilia. There was clinically apparent 
internal bleeding (greater than 500 ml) in six patients, two 
of whom died. Only one of the other four required emer¬ 
gency surgery; the rest were treated with fluids and blood 
products. All were technically difficult procedures, requiring 


10 or more punctures of the liver with an 18 gauge needle. 
One patient suddenly bled about 500 m! via the drainage 
catheter on the 3 days after the procedure [1]. This was 
caused by a side-hole positioned outside the bile duct lumen 
in the hepatic parenchyma, allowing communication with a 
major vascular channel. After repositioning, the catheter 
bleeding ceased. 

Varying amounts of hemobiiia were also demonstrated by 
injection of the biliary catheter in 18 other patients (fig. 1). 
In these cases, blood casts were often visible in the bile 
duct but no direct biliovenous communications were shown. 
Since blood casts may obstruct the bile ducts and/or the 
drainage catheter, one or two irrigations with 10 ml of 
normal saline are performed each hour in these patients for 
a 12-24 hr period. Within this interval, the dots are lysed 
and drainage of bile ensues. 

Delayed Complications 

In-hospital. An unsuccessful attempt at conversion to 
internal drainage by damping a properly positioned catheter 
was the most common delayed in-hospital complication. 
This was manifested by cholangitis (fever, chills) and oc¬ 
curred in 21 (83%) of the last 33 patients who underwent 
clamping of a properly positioned internal drainage tube. 
The cholangitis was treated by unclamping the tube and 
again placing the catheter to external drainage. After the 
patient's condition stabilized, the original catheter was re¬ 
placed with a larger <10-12 French) polyvinyl argyl tube 
(Brunswick Co.. St, Louis, Mo.) with multiple side-holes and 
then redamped. The incidence of cholangitis upon reclamp¬ 
ing after exchange for the larger catheter decreased to 
11 %. 

In 1 5 patients who had undergone adequate right-sided 
drainage, cholangitis developed unrelated to tube clamping 
or tube manipulation. All of these patients had tumors in¬ 
volving the common hepatic duct as well as segmental 
obstruction of the left and right systems. Ten of these 
patients had a left-sided percutaneous biliary drainage to 
decompress a presumed infected system. Response to bi¬ 
lateral drainage is difficult to define. None of this group of 
1 5 patients survived more than 12 weeks. Five of 10 with 
bilateral catheters became afebrile. The rest had periodic 
episodes of cholangitis. Two of the other five had only a 
single episode of cholangitis and responded to antibiotic 
treatment. The other three had recurrent episodes of cho¬ 
langitis. 

A less common complication, leakage of bile around the 
catheter insertion site, occurred in eight procedures (3%). 
In three cases, the cause was a maEpositioned catheter 
(side-holes below the area of obstruction); three patients 
had ascites; in two, there was no discernible cause. 

Outside hospital . Various degrees of catheter dysfunction 
will occur in any patient who main tains a drainage catheter 
for an extended period of time (over 2-3 months). 

Of the 67 patients discharged from the hospital, follow-up 
data were difficult to obtain in 20 because they were dis¬ 
charged to other states or chronic care facilities. Compli¬ 
cations in the other 40 are divided into the number of 
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Fig. 1Hernobilia complicating catheter in¬ 
sertion. A, Choiangiogram immediately after inser¬ 
tion of percutaneous drainage catheter. Elongated 
intraductal filling defects represent clotted blood 
(arrows). No direct venous communication evi- 
deni. B, 48 hr later. Clear ducts indicate complete 
lysis of clot, Appearance of drainage changed 
from bloody to dear during interval. 



A 


B 


patients and number of episodes because many patients 
were seen more than once for the same complication (table 
1), Types of complications included catheter occlusion by 
biie encrustations, debris, or tumor {seven of 40), catheter 
disfodgment (11), and cholangitis (1 3), Perhaps more inter¬ 
esting is the fact that the actual number of significant com¬ 
plications was large if individual episodes are considered. A 
total of 62 complications was treated in the 40 individuals 
followed closely. However, the frequency of complications 
appeared to correlate with the degree of family and home 
nursing care received by individual patients. 

In most cases, tube manipulations were performed on an 
outpatient basis in less than 1 hr and were followed by a 3 
day course of broad-spectrum antibiotics. However, seven 
patients were readmitted for tube manipulations because of 
active cholangitis. In two cases, de novo catheter insertion 
was required when attempts to replace a dislodged tube 
were unsuccessful. One patient with an external drainage 
catheter who lived 7 months was seen on a biweekly basis 
for tube check and/or repositioning. Another external drain¬ 
age patient eventually formed a well epitheliazed biliary 
cutaneous fistula and the tube was removed completely to 
allow bile to drain directly into a colostomy-type bag. 

Discussion 

While many articles in the literature have commented on 
both the technique and complications of percutaneous bili¬ 
ary drainages, little has been written in the prevention and 
management of these problems [6-9j. 

Death and Bleeding 

Death (three instances) or significant bleeding (six) oc¬ 
curred in nine (4.5%) of our 200 procedures. All were 
technically difficult procedures with six of nine requiring 10 
or more punctures of the liver with an 18 gauge needle. This 
correlates with the known severe complication rate of about 
3% that we reported earlier in a compilation of reports of 
complications from large needle punctures [10]. 

There are several methods that can be used to reduce 
the number of punctures performed. The most fruitful tech¬ 


nique is to localize the anteroposterior orientation of the bile 
ducts by turning the patient into a lateral position. If the 
patient is thin and cooperative a straight lateral approach 
can be made. Hawkins [11] designed a long 22 gauge 
needle over which a 4 French sheath is piaced for a single 
puncture method of percutaneous drainage. If an appropri¬ 
ate duct is entered during the fine needle cholangiogram, 
the needle acts as a guide wire and the sheath is advanced 
over the needle into the duct. We have used this method on 
occasion, but find the excessive length and flexibility of the 
22 gauge needle to be cumbersome. Another method to 
reduce sheath needle punctures is to repeat the puncture 
of the opacified ducts with a 22 gauge needle directed at an 
appropriate duct for drainage. If the correct duct for drain¬ 
age is then entered, the larger sheathed needle can be 
inserted adjacent to the 22 gauge needle. 

In general, while there are several useful methods to 
minimize the number of sheathed needle punctures per¬ 
formed, most cases require no more than two or three. If 
the appropriate duct is not entered, revaluation of the 
approach should be made and the methods described above 
should be applied. One must be aware, however, that some 
patients will require five to 10 punctures and the benefit of 
continuing the procedure in such cases should be weighed 
carefully against the increased risk of complications. 

Acute Periprocedural Sepsis 

Severe septicemia (positive blood cultures with hyperten¬ 
sion) was relatively uncommon in our series (seven [3.5%] 
of 200). Most of these patients and those who had only a 
transient postprocedure fever (21 [10.5%]) were found to 
have infected bile. 

While the latter was usually self-limited, severe septicemia 
can be life-threatening and prevention is important. We have 
found that two-stage delayed internal drainage not only 
prevents severe septicemia but also increases the chances 
of completing an internal drainage on patients who have a 
technically difficult obstruction. 

The usual indications for a two-stage delayed approach 
included: (1) acute suppurative cholangitis, (2) marked duct 
dilatation with uncertain location of the exact position of the 
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Fig. 2-—Two-slap conversion from external to internal drainage in patient initially ill with acute suppurative 
cholangilis. A, Initial placement of percutaneous drainage catheter (external) accomplished good external 
drainage. ‘Blood casts” within both left and right hepatic ducts (arrows}. B, 5 days later. Patient is afebrile and 
bile ducts show considerable reduction in caliber. Biocd casts have lysed and cleared- C, Conversion to internal 
drainage. 
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residual lumen, and (3) exceptionally fragile or medically 
unstable patients (fig. 2). By limiting manipulations in gravely 
ill patients to those required to gain catheter access to the 
bile ducts and establish external decompression only, acute 
morbidity may be reduced without sacrificing subsequent 
options. About one-third of our recent cases initially drained 
extern a fly were then successfully advanced to internal 
drainage at 3~5 days. However, the likelihood that success¬ 
ful catheterization of the stricture would be accomplished 
eventually could not be predicted on the basis of the initial 
c hoi angiographic appearance. 

Several factors may account for easier catheterization 
of the stricture at a delayed second sitting: (1) decreased 
duct caliber above the obstruction straightens the course of 
the guide wire directing it into the striGtured lumen; (2) 
reactive edema at the site of obstruction may resolve; and 
(3) development of a transparenchymal tract around the 
catheter may facilitate use of a larger caliber and a more 
varied assortment of catheter types. In difficult cases, a 
combination of a curved tip (Cobra visceral, Cl, G2, C3, 
Cook, Bloomington, IndJ catheter together with a memory 
torque guide wire (Ring, 0.089 or 0.097 cm, Cook) may 
allow circumferential searching by torque action until the 
guide wire finds the residual lumen. The guide wire is never 
forced through the obstruction but is allowed to fall along 
the path of least resistance. 

Delayed in-Hospital Complications 

Delayed in-hospital cholangitis occurred in 36 patients 
either after clamping a "well positioned" internal catheter 
(21 patients) in an attempt to convert a patient to antegrade 
flow or in patients who had a segmental obstruction of the 
left hepatic duct, which was undrained (15 patients) (table 
1). Of the last 70 patients undergoing percutaneous biliary 
drainage, conversion from external to internal drainage by 
tube clamping was attempted in 33 and failed in 21 (63%) 
of cases as a result of cholangitis. Prompt unclamping 


effectively corrected the sepsis initially in all cases but one. 

However, the management of acute cholangitis following 
tube clamping has been a difficult problem. Contrast injec¬ 
tion after unclamping does not usually reveal the cause. 
Initial low-pressure injection of the catheter may show side- 
hole runoff" with contrast material visualized only above the 
strictured area (fig, 3). Injection with greater pressure (al¬ 
though more dangerous for sepsis) may be required to 
demonstrate contrast material within the duodenum. On the 
other hand, removal of the catheter will not necessarily 
reveal an obstructing sediment, plug, or debris. 

We believe the occurrence of cholangitis is actually re¬ 
lated to several contributing factors: (1) Placement of a 
catheter with a protruding external segment will lead to 
colonization of the biliary tree with bacteria. Twenty-four 
hours after the initial drainage, all bile cultures will show 
growth of a combination of organisms. Nevertheless, this in 
itself is not necessarily the cause of cholangitis, (2) There is 
considerable epithelial damage to the biliary tree created by 
insertion of a catheter. A denuded epithelium contaminated 
by bacteria is susceptible to cholangitis [12-15]. (3) Most 
important is partial obstruction of the biliary duct, which may 
be due to one or more of the following causes: (a) the 
relatively small internal diameter of the commonly used 8.3 
French Ring pigtail biliary catheter (Cook); (b) the inability 
of bile to gain entrance into the small side-holes of the 8,3 
French Ring pigtail biliary catheter; or (c) an actual mechan¬ 
ical obstruction created by the tube itself. 

The end result is partial obstruction superimposed on a 
damaged and contaminated biliary duct system. The poten¬ 
tial of this combination has been clearly shown in animal 
studies in which bacteria placed in unobstructed biliary 
systems of dogs have no ill effects. However, when even 
partial obstruction is superimposed, cholangitis and death 
ensue [1 2-15], 

It is also apparent that patients who drain a large quantity 
of "duodenal contents" in the first few days may be more 
susceptible to postclamping cholangitis. Perhaps, retro- 
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Fig 3—Real or pseudo-obstruction? Chotangio- 
gram taken when acute cholangitis occurred alter 
clamping appropriately positioned internal drainage 
catheter. Contrast visualized only above structure may 
be due lo "side-hole runoff rather than true catheter 
occlusion. Exchange ol catheter for larger caliber is 
required to correct relative obstruction to bile egress. 


Fig. 4.—External drainage due to complete periportal obstruction produces unstable or insecure 
catheter position due to "short purchase"; disiodgment is common. A, External drainage catheler 
with short purchase. Normal liver excursion during respiration may inadvertently retract catheter from 
intraductal position. 6, Metastatic carcinoma to porlahepatis with complete duct obstruction. Short 
purchase. 


grade duodenal reflux is an indication of duodenal spasm 
and relative increase in intraluminal duodenal pressure and 
hence further obstructs the egress of bile. 

The most effective solution to the postclamping cholan¬ 
gitis problem is to perform an exchange of catheters by 
inserting a 10 or 1 2 French polyvinyl (argyl catheter). These 
catheters have relatively thin walls and the internal diameter 
of the 10 French caliber is 1.6 times as large as the 8.3 
French Ring pigtail catheter. Large side-holes may also be 
cut manually and positioned under fluoroscopy to contribute 
to better drainage. Placement of a polyvinyl argyl catheter 
is unfortunately not possible at the time of the initial drainage 
because the tube is too soft and flexible. However, after the 
initial drainage catheter has been in place for 5-7 days, a 
sufficient transparenchymal tract is formed to allow ready 
insertion. Introduction of the argyl system is also facilitated 
by use of a coaxial catheter technique (placement of the 10 
or 1 2 French argyl catheter over a 6 or 7 French polyeth¬ 
ylene catheter). The stiffening effect of the coaxial system 
aids placement of the soft argyl catheter. 

Further benefits derive from catheter exchange to the 
argyl polyvinyl system. Patients find the softer tube more 
comfortable at the abdominal wall cutaneous opening. Be¬ 
cause the argyl catheter is straight, it may be left in the 
distal common bile duct allowing the patient's physiologic 
sphincter at the choledcchoduodenal junction to control 
egress of bile and obviate the potential problem of duodenal 
reflux. Also, catheters left in the distal common duct are less 
likely to cause duodenal irritations and are protected from 
the degradation of catheter wall material that results from 
chronic exposure to stomach and duodenal secretions. 

Of the 21 patients who failed initial tube clamping, 19 
were successfully treated by replacement with a 10-12 


French argyl catheter and were discharged with successful 
internal drainage. Two patients who had repeated episodes 
of cholangitis were found to have diffuse tumor involvement 
of the liver and may also have had selective ductal obstruc¬ 
tion that contributed to the cholangitis. 

Delayed Posthospital Discharge Complications 

The most common chronic complication seen In the 40 
patients who were closely followed after hospital discharge 
was disiodgment of the biliary drainage tube (table 1). This 
is also one of the major reasons for cholangitis in this group 
of patients. It is interesting that this occurred in both patients 
with “internal’' drainage catheters and external/' There 
appeared to be a correlation between the patients under¬ 
standing the function of the catheter and need for proper 
catheter care and a lower incidence of disiodgment. 

Recognition of the limitations of an external drainage 
catheter and the technical considerations in replacing a 
dislodged catheter are essential to preventing and managing 
these two complications. 

When onfy external catheter drainage can be achieved 
because of complete obstruction in the mid-common duct 
or periportal region, catheter position is rarely secure and 
inadvertent disiodgment is not uncommon, in such cases, 
length of catheter ‘purchase'' within the biliary ducts may 
be minimal (e,g., 2-3 cm) and predispose to disiodgment 
by simple body movements and respiratory excursions (fig. 
4), One of our patients with an external drainage catheter 
and an extremely short purchase experienced spontaneous 
disiodgment on six different occasions. Often the small 
caliber of the intrahepatic duct radicle in which the catheter 
is situated in such cases requires a straight catheter (vs. 
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Fig. 5,—External drainage of obese patient 
with high common duct obstruction from pan- 
crealic cancer. A, Potential position of external 
catheter may prevent easy withdrawal of catheter. 
B. 8.3 French catheter in posterior branch of right 
hepatic duct insures longer' purchase. 




Fig. 6.—Direct replacement inadvertently dis¬ 
lodged catheter. A. Curved tip catheter in skin 
opening and torciued in cephalad (arro*v) (skin 
opening and origin of hepatic tract do not align 
directly). Injection of contrast shows curved direc¬ 
tion of tract. B. Guide wire inserted through cath¬ 
eter and advanced along hepatic parenchymal 
tract into duodenum. 


pigtail) adding to the instability of catheter fixation. 

An effective measure to improve catheter purchase in 
such situations is to divert the catheter tip from the imme¬ 
diate vicinity of the obstruction and direct it into a more 
peripheral radicle of either the left or right hepatic duct (fig. 
5). This maneuver places a longer length of catheter within 
the lumen of the biliary tree, significantly lengthening ' pur¬ 
chase/' 

Should the catheter be inadvertently dislodged, direct 
reinsertion through the original cutaneous puncture site is 
often feasible. After 7-10 days of catheter drainage, a 
granulating transparenchymal track forms, usually 2 French 
larger in caliber than the outer diameter of the catheter itself 
(1). The tract will not seal over for 48-72 hr and can usually 
be reentered provided the cutaneous entry site can be lined 
up with the entry point through the liver capsule, 

Gordon et al. [16] recommended a fluoroscopicaily guided 
contrast sinogram via a conical Christmas tree adapter 
placed in the cutaneous entry site to aid in locating and 
opacifying the transhepatic tract [16]. Guide wire/catheter 
sytems are then inserted under direct vision. We prefer to 
insert a sheath from an 18 gauge needle directly through 
the skin entry and into the liver for easy insertion of a guide 
wire. If the skin and liver puncture sites are not in direct 


continuity, a curved tapered tip catheter {Cobra Cl, C2, G3) 
may be successfully negotiated into the liver and followed 
with a guide wire (fig. 6), 

Nonoperative access to the biliary tree affords new op¬ 
tions for the clinical and radiologic management of biliary 
tract obstruction. We believe the technical complexities of 
percutaneous biliary drainage have been generally under¬ 
stated in reports published to date. Despite the poor overall 
prognosis for many patients undergoing biliary catheter 
decompression procedures, complications of initial punc¬ 
ture and subsequent catheter function are not uncommon 
and require knowledge, evaluation, and management, as 
well as a commitment to long-term catheter aftercare by the 
radiologist. 
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Intrahepatic portacaval shunts were established in dogs by the transjuguhr approach. 
The shunts extended from the anterior aspect of the inferior vena cava to the portal 
bifurcation through interposed liver parenchyma. The tissue track was created by a long 
transjugular needle and enlarged by balloon angioplasty catheter dilatation. The opening 
was then stented with a specially made, expandable, tubular, woven mesh of stainless 
steel wire. The stent was introduced mounted in a collapsed fashion around a folded 
angioplasty balloon. Inflation of the balloon expanded the stent and the tissue track 
simultaneously, leaving a large side-to-side portacaval shunt Nine out of 12 animals 
survived the procedure and eight of them had functioning shunts as long as 9 months 
after placement. Pathologic examination showed complete endotheliallzatlon of the 
inner surface of the stents. 
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The percutaneous introduction of intrahepatic portacaval (1HPC) shunt in exper¬ 
imental animals was first described by Rosch et al. [1 ] in 1969. Connections were 
created between adjacent hepatic and portal veins through a track in the interposed 
liver parenchyma. The shunts were stented with a short segment of 12 or 14 
French Teflon tubing. After this pioneering work, other investigators created 
intrahepatic shunts by various other means. Some involved resecting a cylindrical 
core of liver tissue by using a rotating drill [2J or a cryoprobe [3], Burgener and 
Gutierrez [4} established temporary IHPC shunts by drawing an inflated latex 
balioon catheter through a parenchymal needle track. Colapinto et al. [5, 6] first 
reported the creation of IHPC shunts in humans using balloon angioplasty catheters. 

Most investigators who have worked with IHPC shunts have not had difficulty 
correctly placing the shunt. Nevertheless. their efforts almost always were marred 
by early shunt closure. The use of some form of tubing to stent the shunt usually 
was accompanied by migration of the tube and early closure of the shunt 
[T7, 8], 

Using a similar technique to that described by Rosch et al. [1, 7], we have 
created IHPC shunts in dogs stented by an expandable wire mesh tube [9], Side- 
to-side portacaval shunts were made by inserting a transjugular needle to establish 
a tissue track extending through the anterior wall of the inferior vena cava, the 
portal vein bifurcation, and the interposed liver parenchyma. The track was enlarged 
with angioplasty balloons and stented with the balloon-mounted expandable mesh 
tube. 


Materials and Methods 

Twelve dogs ol both genders weighing 15-25 kg were used. Under halothane anesthesia 
and after administration of 1000 U of intravenous heparin, a small bowel loop was exteriorized, 
and a valved 7 French Teflon sheath was introduced into a jejunal vein. The hub of the sheath 
was secured to the abdominal wall and the bowel loop returned to the abdomen. An 8 French 
Teflon catheter was then introduced percutaneousiy into the right jugular vein. After basdine 
right atrial, interior vena cava, and portal pressure recordings, portal hypertension was 
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Fig. 1 —Sagittal Out of dog through inferior vena cava. A, Needle advanced of needle track, balloon-mounted stent is positioned within track, C, Jnflalidn cl 

through transjugular catheter perforates anterior wall of inferior vena cava, balloon expands track and stent. D, Expanded stent keeps portacaval stiurvl 

portal bifurcation, and interposed liver parenchyma. B, After balloon dilatation lumen open. 


created by injecting granular Ivalon (polyvinyl alcohol. Uni point Indus¬ 
tries, High Point, NO; particle size, 250-420 ^m) through the portal 
catheter in 0.1 g aliquots as described by Burgener et al. 
[10]. The ivalon was made radiopaque by the addition of barium 
sulfate, 60% of dry weight. Creation of portal hypertension before 
shunt placement was necessary to promote a higher blood flow 
through the shunt. A 4D-cm4ong, 18 gauge metal cannula with a 
diamond-tip mandril, having a 20° distal bend, was used to penetrate 
the portal vein bifurcation through the jugular catheter (Cook, Bloom¬ 
ington, IN) (fig. 1), The ideal puncture site was determined by intro¬ 
ducing a 15 mm occlusion-balloon catheter through the portal sheath 
and inflating it at the portal bifurcation to serve as a target. The 
distance between the balloon and the needle tip against the anterior 
wall of the inferior vena cava was less than 10 mm as measured 
on the lateral views. The caval wall was punctured ceph- 
afad to the portal balloon, under lateral fluoroscopy, to enter the 
portal vein along its longitudinal axis (fig. 1A). Injections of small 
amounts of contrast material and aspiration of blood through the 
cannula after withdrawal of the mandril indicated adequate position 
of the cannula tip, A 26G-cnvlong 0.035 inch (0,89 mm) guide wine 
was then advanced into the portal vein and grasped from the portal 
sheath with a snare loop. The wire tip was exteriorized through the 
portal sheath valve and tethered with a hemostatic clamp. This 
maneuver allowed good control as a tapered 8 French Teflon catheter 
was advanced with a rotary motion from the caval to the portal side. 
Track dilatations with high-pressure balloon catheters (Cook, Bloom¬ 
ington, IN) with balloon diameters of 6, 3, and 10 mm were followed 
by the final positioning of the balloon-mounted expandable stent. The 
stent was fitted in a collapsed fashion around the folded balloon of 
an angioplasty catheter with a 10 mm balloon diameter. Oversized 
segments of tapered tubing were glued on both ends of the balloon 
to avoid dislodgment of the stent during manipulation, A 12 French 
sheath was inserted in the jugular vein before introduction of the 
stent-balloon assembly. Bailoon inflation expanded the stent to the 
maximum diameter attained by the balloon. The graft stayed ex¬ 
panded after balloon deflation and withdrawal (figs. 1B-1D). For the 
graft to enter the portal bifurcation along the axis of the portal vein, 
it had to pierce the anterior waii of the inferior vena cava at a rather 
narrow angle so that, in most cases, part of the graft protruded into 
the caval lumen. Nevertheless, injected contrast material, pressure 


readings, and direct inspection of the specimens did not show 
stniction to the caval flow in any instance. Before stent expansion 
hand-injected contrast material demonstrated adequate position of 
the stent in relation to the portal bifurcation. After stent expansion 
and withdrawal of the modified balloon catheter, pressure measure 
ments and portography demonstrated hemodynamic and morpho 
logic adequacy of the shunt (fig, 2A). 

Follow-up was performed at variable intervals by percutaneous 
introduction of a 6.5 French Teflon catheter through either jugular 
vein. The catheter was advanced through the shunt into the portal 
vein, and pressure recordings were made before injection of contrast 
material. If the graft was found to be occluded and the dot still soft, 
it was reopened with a balloon angioplasty catheter. If residual 
stenosis persisted adjacent to the stent after dilatation, a second 
stent was expanded in a coaxial fashion, the new stent partially 
overlapping the previous one (fig. 2B). Patency was measured by 
comparing the diameter of the opaque column at its narrowest point 
with the diameter of the radiopaque wire mesh. 


Construction of the Stent 

We made the stents by hand by weaving 0.015 mm stainless steel 
wire under a low-power microscope. Specially made mandrils were 
used as templates to weave the interlaced crisscross pattern. The 
cross points of the mesh were soldered with low-temperature silver 
solder. The total wall thickness was 0.35-0,45 mm, and 80% of the 
stent itself was open surface. The weave density was equal for a* 
stents used. In the expanded state, the spaces between wires were 
2x2 mm. The first seven stents were 20 mm long by 10 mm in 
diameter, except for one having a diameter of 15 mm. The three 
stents deployed coaxially to reduce residual areas of stenosis were 
also 20 mm long by 10 mm wide. The last four stents were 23 mm 
Jong by 10 mm in diameter. 

Great care was taken as the stent was collapsed to its smallest 
diameter over the balloon catheter to avoid overlapping of adjaceni 
wires. This allowed the lowest possible diameter over the folded 
bailoon The coltapsed-to-expanded stent diameter ratio was 1:3. 
Therefore, the collapsed, mounted stent could be introduced easily 
through a 12 French sheath. The ability of the stent to retain its shape 
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Fig. 2—A. Dog 3- Lateral portogram. 
Good flow through shunt. Poor filling of 
portal radicles resulted from previous Iva- 
ton embolization. B. Dog 8- Second stent 
fteced in coaxial fashion to cover tissue 
track that caused shunt thrombosis. New 
stem partly overlaps old one. 



afier balloon expansion was based on the deformation of the wire 
segments between soldered points Since there was no elastic recoil 
rier maximal balloon inflation, there was no need to prolong balloon 
(filiation after ihe stent reached adequate diameter 


Results 

The various changes in experimental design during the 
study reflect its preliminary nature. Twelve dogs underwent 
IHPC shunt placement. The first three animals died of perito¬ 
neal bleeding because the stent was expanded in tissue 
tracks that violated the peritoneal space. Better control of the 
puncture site was obtained in subsequent experiments by 
• 'dating the conventional beveled-tip, modified Ross needle 
with a diamond-shape-tipped mandril-cannula assembly. The 
needle did not stray off the intended path as the beveled 
needles tended to do. 

Of the nine animals that survived the procedure, five had 
shunt thrombosis within 3 weeks after placement (fig, 3), 
Shunt thrombosis was caused in all five dogs by luminal 
narrowing. Immediate postplacement portography demon¬ 
strated parts of tissue track not covered by the wire mesh in 
three dogs. In the other two, shunt flow was restricted by a 
stood dot in one and partial coil apse of the stent in the other, 
“oliow-up portography 1 week after placement showed that 
four of the thrombosed shunts had a thrombus soft enough 
to allow easy penetration with a catheter. In the other, recan¬ 
alized 3 weeks after placement, the thrombus was too hard 
<0 allow piercing with the catheter, and an 18 gauge needle 
was needed to traverse the obstruction. Two of the throm¬ 
bosed stents were reopened with simple balloon dilatations 


Dog No.: j 



Fig. 3.— Shunt patent al follow-up portogram (circles}] shunt thrombosed 
and recanalized (circles inside squares): shunt thrombosed and not recanaltzed 
{solid squares). 


of the occluded stent lumen. The other three were extended 
either cephaEad or caudad by placing a second graft in a 
coaxial fashion (fig, 2B). The shunt reopened 3 weeks after 
initial placement was again found occluded and impossible to 
recanalize 6 weeks later. Ultimately, eight shunts remained 
patent on follow-up periods of 9^37 weeks. 

The amount of Ivalon embolized in the portal vein of each 
dog averaged 0.42 g. Allowing for the small number of ani¬ 
mals, no relation was found between the dose of embolic 
material and the portal pressure elevation. The mean postem¬ 
bolization portal pressure was 22.5 ± 7.6 cm of saline and 
the mean portal pressure rise above baseline was 4,6 ± 2,9 
cm of saline. After shunt placement the portal pressure drop 
averaged 8 + 6.1 cm of saline (table 1). The pressure gradient 
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TABLE 1 : Postshunt Hemodynamic and Angiographic Studies and Their Relations to Shunt Patency 







Dog no - 






i 

2 

3 

4 

5 

$ 

7 

& 

a 

Portal pressure drop after shunt (cm saline) . 

11 

9 

9 

6 

14 

20.5 

8 

0 

6 

Gradient across shunt (cm saline). 

Partial shunt obstruction in postplaoement 

6.5 

7,5 

6 

3 

6 

5 

4.5 

3,5 

2 

portogram.. . . . 


+ 



+ 


+ 

+ 

+ 

Early shunt thrombosis. 


+ 



+ 


+ 

+ 

+ 

Shunt permanently reopened ... 


No 



Yes 


Yes 

Yes 

Yes 



Fig. 4.—Dog 3. A, Sagittal section of 
portacaval shunt (S), inferior vena cava 
[IV C), and portal vein (PV). Girded area 
(OTutv) corresponds to sample site lor 
histology studies (B). Inner surface oi 
graft is covered by neointima except at 
origins of hepatic veins (HP) and portal 
radicles (PR) (arroivdeads). B. Longitudi¬ 
nal section of graft wall. Endothelialized 
0.9-mm-thictc neointimal layer (N) covers 
inner surface of graft wires (W). Uver 
parenchyma (LP) is adjacent to Outer as¬ 
pect of graft (H and E xl20.) 


across the shunt immediately after placement averaged 4,9 
± 1.8 cm of saline. Neither measurement indicated whether 
or not the shunt was at high risk of thrombosis. Nevertheless, 
postplacement portography of all five shunts that thrombosed 
showed some degree of obstruction within or adjacent to the 
shunt. The lumen diameter of the stents averaged 69% ± 
7.45% among the eight dogs with open shunts in late studies. 
There was good correlation between the lumen diameter as 
measured on portograms and directly on the specimens of 
the animals that were sacrificed. 

The eight surviving animals had normal or slightly altered 
liver function tests and steady weight. Their serum ammonia 
levels were markedly elevated on regular diet indicating pat¬ 
ency of the shunt. The ammonia level was later lowered by 
feeding the dogs a low-protein diet. Except for dogs 5 and 9 
which were underoing prolonged observation, all animals 
were sacrificed 9^29 weeks after shunt placement. All shunts 


were open, except the one in dog 2. The liver was soft with 
a few scattered, small infarctions in all six dogs. The inner 
surface of the stents was covered by a grayish layer, except 
at points where portal radicles or hepatic veins were in contact 
with the shunt. In those areas, blood flowed through the 
interstices of the mesh (fig. 4A). Direct inspection of the shunt 
in all six cases studied demonstrated that the shunt opened 
into the caval lumen at a point immediately below or between 
the main hepatic veins. Gross examination of the lungs with 
particular attention to those animals that had recanalization 
of obstructed shunts showed no evidence of infarction. Light 
microscopy studies of the shunt area showed viable hepatic 
parenchyma adjacent to the shunt. A neointimal smooth 
muscle layer averaging 1.5 mm in thickness covered the 
luminal side of the stent (fig, 4B). All the shunts studied 
showed complete en dot Penalization of the neointima as seen 
in transmission and scanning electron microscopy studies. 
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Discussion 

The average dose of Ivalon embolized into the portal sys¬ 
tem to produce portal hypertension in our animals was con¬ 
siderably less than that used by Burgener et al, [10]. These 
authors performed repeated portal embolizations of Ivalon in 
dogs untit a stable portal hypertension developed. They no¬ 
ticed that a single intraportal injection of embolic material 
caused transient portal hyptertension that returned to normal 
within 1 week. Our goal was not to test the shunt in a situation 
of stabilized portal hypertension but rather was mainly fo¬ 
cused on the anatomic aspects of the intrahepatic placement 
of the expandable graft. We have used intrahepatic injections 
of Ivalon before graft placement or recanalization to shift the 
How to the shunt, thereby decreasing the chance of throm¬ 
bosis. Whether the shunt flow decreased before a nonthrom- 
bogenic surface developed remains to be demonstrated. 

An interesting observation arising from our study is the 
possibility of recanalizing occluded shunts and keeping them 
open. Burgener et al, [11] also noted that after periodic 
i,Canalizations of IHPC shunts created by balloon angioplasty 
atheters the shunts remained open, A definite advantage of 
metal graft is its radiopacity, which allows easy catheter- 
tzation from jugular approach in follow-up studies. A theoretic 
factor that may have had beneficial influence on our results is 
Hie favorable location of the shunt in relation to the portal 
vein and inferior vena cava. When the graft is placed at the 
portal bifurcation, the axis of the graft is continuous with that 
of the mesenteric and portal veins and almost parallel to the 
inferior vena cava. 

The anchoring characteristics of the open crisscross mesh 
proved to be excellent since no graft migration was observed. 
Graft introduction and expansion was simpler in normal dog 
livers than it would have been in a liver cirrhosis model. 
Nevertheless, the possibility of enhancing the graft's ability to 
oppose recoil by increasing the wire size may overcome this 
problem. Further research in expandable IHPC shunts will 
include the substitution of the operative approach to place a 
target in the portat bifurcation by a transhepatic percutaneous 
access. The latter might be a reasonable alternative for human 
use. 

Graft thrombosis correlated with an abnormal angiographic 
finding indicative of flow restriction at the time of placement. 
Therefore, an adequate portogram demonstrating unob¬ 
structed portacaval shunt and little or no flow to the hepatic 
radicles was the best indicator of success. On the contrary, 
lemodynamic factors such as a large portal pressure drop 
after shunt placement and a small portacaval gradient were 
not indicators of continued patency. 


The human use of an expandable side-to-side IHPC shunt 
such as we have used in dogs would have the potential risk 
of peritoneal bleeding. Puncture of the inferior vena cava more 
caudally than is ideal may violate the peritoneal space and 
cause bleeding at the time of graft expansion. Nevertheless, 
precise localization of the caval puncture site and thorough 
understanding of the anatomy should minimize this risk. Fur¬ 
ther research in this area is currently underway. 
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7 .1 2 Intravascular stents to prevent occlusion 

and restenosis after transluminal angioplasty. 


Ulrich Sigwart (born 1941) 


Ulrich Sigwart has been credited with the concept and development of endolumi- 
nal stenting. Stents have fundamentally changed the treatment of cardiovascular 
diseases and have become the most important treatment of coronary and extra¬ 
coronary arterial disease. This work has resulted in a number of prizes including, 
the Medal of the European Society of Cardiology and an Honorary Doctorate of 
the University of Lausanne. 

He also conceived and pioneered non-surgical myocardial reduction therapy, 
which has now become an accepted and widely used treatment of hypertrophic 
obstructive cardiomyopathy. Questions relating to this technique are now part of 
the written exams for the American Board of Cardiology. 

Furthermore, his work on automation on cardiac catheterization carried out 
during the years 1974-1978 was the basis for the present day use of computers in 
hemodynamic evaluation. The sequence of events in myocardial ischemia 
(Sigwart curve) has found its way into numerous textbooks and is one of the most 
quoted illustrations. Ulrich Sigwart made fundamental observations on prosthetic 
heart valves that led to major modifications of the previously used designs. 

Prof. Sigwart was born on 9 March 1941. He went to the medical schools of the uni¬ 
versities of Freiburg (Germany), Basel (Switzerland) and Munster (Germany). In 1967 
he gained his MD from the University of Freiburg (“magna cum laude”). In February 
1985 we was appointed Professor of Medicine at the University of Duesseldorf. Since 
1989 he has been an Associate Professor of Cardiology at the University of Lausanne 
and a Recognised Teacher at the Imperial College of Medicine, London. In 2001 he 
was appointed Professor of Cardiology at the University of Geneva (Switzerland). 

Ulrich Sigwart is a Fellow, American College of Cardiology, American College 
of Angiology, Royal College of Physicians, The Bromptonian Society, and an 
Honorary Fellow of the Russian Society of Interventional Cardioangiology, 
Founding Fellow, European Society of Cardiology (Past Chairman, Working 
Group Myocardial Function). Furthermore, Prof. Sigwart is a member of several 
national and international scientific societies. Among other awards Sigwart was 
awarded the European Society of Cardiology Medal (1996), the ESC Griintzig 
Award (1996), the Doctor honoris causa, University of Lausanne (1999), the 
Forssmann Prize (2001), the Sven Effert Prize (2003) and the King Faisal 
International Prize for Medicine (2004). 

He is serving on the editorial board of several medical journals, e.g., the 
Journal of the American College of Cardiology, Clinical Cardiology, International 
Journal of Cardiovascular Interventions, Cardiology International, British Journal 
of Cardiology. He has published more than 500 separate publications and 7 books. 

Ulrich Sigwart presently holds the Chair of Cardiology at Geneva University 
and directs the Centre of Cardiology. He keeps some activity at the Royal 
Brompton Hospital, where he headed the Department of Invasive Cardiology for 
more than twelve years. 

Picture courtesy Ulrich Sigwart, MD, 2004. 
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INTRAVASCULAR STENTS TO PREVENT OCCLUSION AND RESTENOSIS 
AFTER TRANSLUMINAL ANGIOPLASTY 

Ulrich Sigwart 3 M.D, 3 Jacques Puel 3 M.D., Velimir Mirkovitch, Francis Joffre, M.D., 

and Lukas Kappenberger> M.D. 


Abstract Occlusion and restenosis are the most com¬ 
mon reasons that transluminal balloon angioplasty may 
fail to provide long-term benefit An intravascular mechani¬ 
cal support was therefore developed with the aim of pre¬ 
venting restenosis and sudden closure of diseased arter¬ 
ies after angioplasty. The endoprosthesis consists of a 
self-expandable stain less-steel mesh that can be implant¬ 
ed nonsurgically in the coronary or peripheral arteries. Ex¬ 
periments in animals showed complete intimai coverage 
within weeks and no late thrombosis during a follow-up 
period of up to one year, 

We performed 10 implantations in 6 patients for iliac or 
femoral arterial disease; 24 coronary-artery stents were 
implanted in 19 patients who presented with coronary- 
artery restenoses (n = 17) or abrupt closure (n - 4) af- 

A LTHOUGH most stenoses of coronary and pe- 
l ripheral arteries can now be traversed and dilat¬ 
ed by balloon angioplasty, the unpredictable problems 
of abrupt closure and late restenosis of the dilated 
segment continue to compromise the overall results of 
this promising procedure. In addition to the pharma¬ 
cologic/ mechanical , 2,:3 and thermal techniques 4 ’ 6 
under investigation to deal with these problems, intra¬ 
vascular stents may provide a useful approach to pre¬ 
venting both acute occlusion and late restenosis. 7-13 

None of the current designs of intravascular stents 
are ideal, however, especially with respect to homoge¬ 
neous distribution of force, ease of placement, con- 
formability. and stability. A new system has been de¬ 
veloped, consisting of a stainless-steel multifilament, 
self-expanding, macroporous stent and an innovative 
instrument for placing it (Medinvent SA> Lausanne, 
Switzerland). We report our preliminary experience 
with the placement of stents in peripheral and coro¬ 
nary arteries after transluminal balloon angioplasty of 
a diseased arterial segment. 

From the Division of Cardiology, Department of Medic inc, Centre Hospitaller 
Univerjitaire Vaudois, Lausanne, Switzerland; and Centre Hospitaller Umversi- 
taire Rangoon I, Toulouse, France, Address reprint requests to Dr. Sigwart at 
the Division of Cardiology, Centre Hospitaller Universitaire Vaudois, CH-lQll 
Lausanne, Switzerland. 

Supported in part by a grant (3,835*083) from the Swiss National Fund, 


ter transluminal angioplasty or deterioration of coronary- 
bypass grafts (n = 3), We observed three complications 
In the group with coronary disease. One thrombotic 
occlusion of a stent resulted in asymptomatic closure, 
a second acute thrombosis was managed successfully 
with thrombolysis, and one patient died after bypass 
surgery for a suspected but unfound occasion. Follow¬ 
up in the patients has continued for nine months without 
evidence of any further restenoses within the stented 
segments. 

Our preliminary experience suggests that this vascular 
endoprosthesis may offer a useful way to prevent occlu¬ 
sion and restenosis after transluminal angioplasty. Long¬ 
term follow-up will be required to validate the early suc¬ 
cess of this procedure, (N Engl J Med 1987; 316:701-6.) 

Methods 

Description of the Stent 

Hie stent is woven, from a surgical-grade stainlc$s-stcd alloy for¬ 
mulated according to the specifications of the International Stand¬ 
ards Organization, The prosthesis (Fig. 1) is geometrically stable, 
pliable, and self-expanding. Its elastic and pliable properties are 
such that its diameter can be substantially reduced by moderate 
elongation. It can be constrained on a small-diameter delivery cath¬ 
eter, and as the constraining membrane is progressively removed, 
the elastic device will return to its original (unconstrained!) larger 
diameter (Fig. I). When the prosthesis is implanted in a vessel 
whose caliber is less than that of its unconstrained diameter, the 
residual elastic radial force in the prosthesis will tend to dilate the 
artery. Dilation will continue until an equilibrium is attained be¬ 
tween the circumferential elastic resistance of the arterial wall and 
the dilating force of the prosthesis. The constrained wire-mesh pros¬ 
thesis is held at the distal end of the delivery catheter (Fig. 1A) by a 
doubled-over membrane, the outer layer of which can be progres¬ 
sively withdrawn. Two radiopaque metal markers on the delivery 
catheter facilitate identification of the end or the prosthesis at the 
time of its deployment- The outer diameter of the loaded catheter 
system is 1.57 mm, and prostheses up to 6,5 mm in expanded diame¬ 
ter can be mounted on this delivery device. Prostheses larger in 
diameter for use in peripheral arteries have correspondingly larger 
delivery systems. 

Experiments in Animals 

Prostheses up to 6,5 mm in diameter were mounted on the deliv¬ 
ery catheter and were passed with conventional guiding catheters 
into the femoral, popliteal, and coronary arteries. 
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Peripheral Arterial implants 

In three mongrel dogs weighing 25 to 35 kg that were given 
heparin, eight transluminal implants were placed in branches of 
the femoral arteries at the level of the knee through the common 
femoral artery. The diameters of the pros theses ranged from 2 to 

6.5 mm, and the lengths ranged from 20 to 70 mm. No anticoagu¬ 
lants were given after placement. All the dogs were evaluated week¬ 
ly by Doppler-flow monitoring for four weeks and at three-month 
intervals by angiography. 


2.5 to 3-5 mm in diameter and 15 to 20 mm in length. Again, no anti¬ 
coagulants were given after implantation, buc an intraoperative 
heparinized perfusion was given. 

implants in Humans 

After the trials in animals, a protocol Tor implants in humans was 
approved by the hospital ethics committee, and informed consent 
according to the Helsinki Declaration was obtained horn each pa¬ 
tient before the intervention. 


Coronary Arterial Implants 


Peripheral Arterial implants 


In seven dogs, seven coronary prostheses were implanted through 
the femoral artery with use of 8 French coronary guiding catheters. 
Under fluoroscopy, one stent was placed in the right coronary ar¬ 
tery, one was placed in the first marginal branch of the right coro¬ 
nary artery, and five were placed in the proximal left anterior de¬ 
scending coronary artery. One of the five last-mentioned prostheses 
extended into the left main coronary artery. The stents ranged from 



Figure 1. The Self-Expanding, Elastic, Macroporous Tubular 
Prosthesis, Which Is Woven from Stainless Steel, Is Shown (Pan¬ 
el A) Constrained on the Delivery Catheter, (B) Half Open during 
Deployment, and (C) Unconstrained and Fully Expanded. 


For peripheral arterial implantation, highly symptomatic pa¬ 
tients were selected who had (!) iliac or femoral arteries with long 
and complex stenoses in which balloon angioplasty had cither Tailed 
or offered a poor prognosis, or (2) iliac or femoral restenosis after 
previous angioplasty. 

Ten stents were implanted during seven procedures in six pa¬ 
tients (four femoral and three iliac arteries). Stent diameters ranged 
from 6 to 12 mm, and lengths from 30 to 80 mm. Prostheses up to 

6.5 mm in expanded diameter were delivered through an 8 French 
coronary guiding catheter; larger stents were deployed with use of 
an 8 French delivery system introduced directly through an ordi¬ 
nary 9 French arterial introducing sheath. Drug therapy consisted 
of acetylsalicylic add (500 mg) the day before the intervention and 
a bolus injection of 10,000 IU of heparin during the implantation, 
followed by intravenous heparin (partial thromboplastin time at 
least twice the control value) until oral acenocoumarol had pro¬ 
longed the prothrombin time to a therapeutic level (214 times con¬ 
trol). A fixed combination of aspirin (330 mg) plus dipyridamole 
(75 mg) once daily in addition to oral acenocoumarol was also given 
from the first postoperative day during the first three months of 
follow-up. 

In two patients, totally occluded arteries were recanalized and 
stents were placed. One patient had a left superficial Femoral-artery 
occlusion 30 cm in length, which failed to remain patent despite 
adequate balloon angioplasty followed by local infusion of uroki¬ 
nase. Two consecutive prostheses 6 mm in diameter and 8 cm In 
length were implanted. A longstanding 8-cm occlusion of the left 
external iliac artery was mechanically recanalized and dilated, 
and since no adequate flow was attained* a stent 8 cm in length and 
12 mm in diameter was placed {Fig, 2). All the other prostheses 
were placed in stenotic arteries that had not responded satisfactorily 
to balloon angioplasty. 

Coronary Arterial Implants 

Three conditions were considered indications for the insertion of 
endoluminal stents in coronary vessels or coronary-bypass grafts: 
(1) restenosis of a major coronary artery after previous balloon 
angioplasty; (2) stenosis of aortocoronary-bypass grafts (in these 
patients the stents were placed in the bypass grafts themselves); and 
(3) acute coronary occlusion secondary to intimal dissection follow¬ 
ing balloon angioplasty (the placements of stents in these patients 
were categorized as emergency implantations). 

Twenty-four coronary stents were implanted after transluminal 
balloon angioplasty in 19 patients during 20 operative procedures. 
In one patient the deployment of the stent in the left anterior de¬ 
scending coronary artery failed because of mechanical problems 
with the delivery catheter; since no reserve device was available, 
implantation was abandoned, without further complications. 

After successful angioplasty, the balloon catheter was exchanged 
for the stent delivery system over a O.GJ4-inch (0.03G-cm) exchange 
guide wire. The diameter of the stent was chosen to be about 15 
percent larger than that of the native artery. Stents 15 or 20 mm in 
length* depending on the lesion, were placed to cover the entire 
diseased segment. Finally, the inner surface was smoothed by brie] 
balloon dilatation. 

The pharmacologic treatment involved inhibitors of platelet 
aggregation (1 g of aspirin the day before the procedure) and in¬ 
traoperative heparin (15,000 units intravenously). During stent 
implantation, 50,000 to 100,000 units of urokinase were slowly in- 
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fused through the coronary guiding catheter. Intravenous heparin 
was continued postoperatively until the oral anticoagulation with 
acenocoumarol became effective. All patients received caldum- 
channel-blocking agents, 330 mg of aspirin, and 75 mg of dipyrida¬ 
mole (Persantine) per dav ? starling four to eight hours after the 
operation. 

Eleven stents were placed in the left anterior descending coronary 
arteries, eight stents in the right coronary arteries, two in the cir¬ 
cumflex arteries, and three in venous coronary-artery bypass grafts. 
Two patients received a second stent at a later date, in each case for 
a new lesion, not adjacent to the original stent. There were four 
emergency implantations for acute occlusion following transluminal 
coronary angioplasty. 

Results 

Experiments in Animals 

Peripheral Arterial Implants 

Two dogs were chosen to be killed after six months 
and one after nine months. Six stents were fully pat¬ 
ent, one demonstrated a mural thrombus with a 50 
percent reduction in luminal diameter, and one, which 
was perfused in a retrograde manner in an artery that 
had been ligated proximally, showed complete reca¬ 
nalization. The prostheses remained free from Intimal 



Figure 2 , Superficial Femoral Artery after Mechanical Recanaliza¬ 
tion of a Total Occlusion 30 cm Long, Followed by Implantation of 
Two Endoprostheses, 

For better visualization of the stents, the right-hand panel shows 
contrast medium injected at a point distal to the two prostheses 
through a 4.5 French angiography catheter. Note the nonstented 
lesion 4 cm below the knee. Three more prostheses were im¬ 
planted three months later to treat severe lesions within 
nonstented segments. 


hyperplasia; moreover, all the side branches leaving 
the stented segments of the main vessel remained pat¬ 
ent (Fig. 3). Figure 4 shows an example of a prosthesis 
firmly embedded in the arterial wall. This specimen 
was recovered from a branch of the femoral artery at 
the level of the left knee nine months after implanta¬ 
tion. Scanning electron microscopy showed the neoin- 
tima smoothly filling the pores between the stent fila¬ 
ments. The neointimal layer was about 450 gm thick, 
and no signs of necrosis due to the continuous mural 
pressure of the metal filaments were seen. The endo¬ 
thelial surface was very similar to the original arterial 
endothelium. 

Coronary Arterial Implants 

Angiography performed three and six months after 
implantation showed no signs of obstruction, either 
from thrombus or hyperplasia. However, after the 
dogs were killed at nine months, one unobstructive 
mural thrombus that was considerably larger than the 
coronary artery was seen in a stent (there had been a 
mismatching of diameters). In the single case in which 
the stent extended into the left main coronary artery, 
there was no interference with blood flow in the cir¬ 
cumflex artery. 

Clinical Experience 

Peripheral Arterial Implants in Patients 

There were no instances of restenosis as judged 
from a reappearance of symptoms, a decrease of pe¬ 
ripheral blood flow by Doppler measurements, or digi¬ 
tal subtraction angiography* No important side effects 
were reported, although one patient continued for two 
weeks to report an occasional sensation of a foreign 
body in the iliac area. Mean follow-up in this series is 
more than six months at this writing. Adequate blood 
flow and the disappearance of severe claudication 
were observed in each case. One patient’s symptoms 
reappeared after three months because of high-grade 
stenoses of the nonstented femoral arterial segments 
proximal to and between the stents (Fig, 2). These 
stenoses were therefore dilated and reinforced with 
three additional stents — one overlapping the first 
two prostheses and two upstream of the first im¬ 
plants, Again, there was clinical improvement, reduc¬ 
tion of the pressure gradient, and an increase in pe¬ 
ripheral flow as demonstrated by Doppler evaluation. 
Although hemodynamieally unimportant endothelial 
thickening within the stents was noted during follow¬ 
up angiography, the patient remained clinically well 
after nine months of follow-up. 

Coronary tmptants in Patients 

Occlusion of the. stent occurred twice when the 
myocardium perfused by the vessel was already hypo¬ 
kinetic from an old nontransmural infarction; how¬ 
ever, the prosthesis was successfully re canalized in one 
patient after local infusion of 100,000 units of uroki¬ 
nase. Thrombolytic therapy was refused by the second 
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Figure 4. Scanning Electron Micrograph of 
a Prosthesis Firmly Embedded in the Fem¬ 
oral Artery of a Dog at the Level of the Left 
Knee Nine Months after Implantation. 




Follow-up 

The patient whose vessels are 
shown in Figure 5 had symptomatic 
restenosis of the no ns ten ted right 
coronary artery, which had also 
been dilated at the time of the first 
procedure; this stenosis was dilat¬ 
ed a second time and a stent was 
placed that has remained patent 
A new stenosis proximal to the 
stent developed in one patient four 


Figure 3. Scanning Electron Micrograph of 
a Stent Covering the Orifice of a Side 
Branch of a Canine Femoral Artery. 
Nine months after implantation, the metal 
wires are completely coated with a smooth 
neointmnaf lining, which does not compro¬ 
mise blood flow to the branch artery. 


patient, who now has mild angina 
with exertion, seven months after 
the procedure. 

One patient presented a special 
problem. He was a 56-year-old man 
who had a 90 percent proximal 
stenosis of the left anterior descend¬ 
ing coronary artery causing residu¬ 
al angina one week after an antero- 
apical infarction. After angioplasty, 
symptomatic restenosis occurred 
within two months. The lesion was 
redilated and a stent was placed. 

Two days later the patient under¬ 
went maximal stress testing with 
no evidence of ischemia. Fifteen 
minutes afterwards, electrocardio¬ 
graphic signs of anterolateral ischemia developed. In 
the absence of immediately available angiographic fa¬ 
cilities, the patient was transferred for bypass surgery 
(internal mammary implant), at which time the signs 
of ischemia had disappeared and the prosthesis was 
found to be patent. The postoperative period was com¬ 
plicated by problems with hemostasis and signs of 
cardiac tamponade. The following day the patient had 
hypoxia and subsequently died. Postmortem examina¬ 
tion revealed a patent bypass graft and some traces of 
a recent thrombus in the prosthesis, which was cor¬ 
rectly situated without extension into the left-main 
bifurcation. No clear link could be established be¬ 
tween death and the prosthesis, although the stent 


may have contributed to coronary spasm soon after 
stress testing. 


Emergency Implantation 

In all four patients in whom a stent was implanted 
to relieve an acute coronary occlusion after balloon 
angioplasty, adequate coronary flow was immediately 
restored. Simultaneously, the electrocardiogram be¬ 
came normal and symptoms of angina pectoris disap¬ 
peared. Myocardial enzyme measurements showed no 
signs of myocardial damage. Figure 5 shows a left 
anterior descending coronary artery before and six 
months after emergency implantation of a prosthesis 
3*5 mm in expanded diameter and 20 mm in length. A 
stent was later placed in the right 
coronary artery of the same patient 
because of restenosis. 
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months after the first procedure; this lesion was also 
dilated and reinforced with a separate stent. 

All the other patients recovered normally and left 
the hospital within four days of the procedure. Follow¬ 
up consisted of weekly and then monthly clinical 
examinations, stress tests at two-month intervals, and 
— up to now in 12 patients — coronary angiography 
within three to six months after the intervention. 
There were no clinical signs of restenosis (except in 
the patients in whom a second prosthesis was implant¬ 
ed because of new lesions) as judged by the clinical 
history and exercise testing. Coronary angiography 
showed the en do luminal stent smoothly embedded 
with no traces of serious luminal narrowing or sugges¬ 
tion of intimal hyperplasia within the stent. 

Discussion 

Restenosis and acute occlusion following translu¬ 
minal angioplasty of coronary and peripheral arteries 
restrict the usefulness of this procedure. With resteno¬ 
sis rates as high as 33 percent after coronary angio¬ 
plasty and even higher (68 percent) in multivessel an¬ 
gioplasty, the overall value of balloon angioplasty is 
diminished even when one considers the low morbid¬ 
ity of this procedure, which is frequently repeated sev¬ 
eral times. The socioeconomic implications of repeat¬ 
ed angioplasties for restenosis are important and 
compromise the comparatively low cost of the inter¬ 
vention. 

The rates of early and late repeated occlusion after 
peripheral and coronary angioplasty are independent 
of the operator’s skill and the quality of the equip¬ 
ment. Longer inflation times, high doses of calcium- 
channel blockers, steroids, and other drug regimens 
have so far failed to solve these problems. An alterna¬ 
tive approach is to provide a suitable endoluminal 
support for the diseased vessel wall. 

Several designs have been proposed, including elas¬ 
tically self-expanding spirals, memory-metal types 
(thermally expandable and relatively inelastic), and 
balloon deformable (quasi-rigid) models, Endotheli- 
alization with uniform and consistent intimal thick¬ 
ening and patency of side branches, such as we 
have described, has also been reported by others, & 
but with some minor differences. It appears that the 
length of time it takes to cover the stent surface de¬ 
pends on the thickness of the metal element. Thus, 
Wright et aL 9 reported only 30 percent covering 
after one month for wire 0.46 mm thick, whereas we 
found complete covering of 0.09-mm filaments with¬ 
in three weeks. As compared with inelastic devices, 
we think that the self-expanding stent, by virtue of 
its inherent pliability, provides a smooth transition 
between the stented segment and adjacent native ar¬ 
tery; this has been corroborated by histologic stud¬ 
ies of the junction between the stent and the non- 
stented artery. A longitudinal flexible stent, which 
is also flexible even when mounted on its delivery 
catheter, will permit easier access through tortuous 
vessels to the target site. 



C 


Figure 5. Left Coronary Artery (Panel A) before Angioplasty, 
(9) after the Development of Complete Occlusion after Angio¬ 
plasty, and (G) Six Months after Emergency Recanalization of, 
and Stent Implantation in, the Left Anterior Descending 
Coronary Artery, 

The stent is invisible (Panel C) because of the high density of the 
contrast material; its position is shown by the arrows (upper ves¬ 
sel), the distal end being just proximal to the septal branch (S). 
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Our experiments in healthy animals have shown 
that the endoprosthesis is well tolerated for up to 
one year. Our preliminary results in patients who re¬ 
ceived a total of 10 peripheral and 24 coronary im¬ 
plants revealed no cases of restenosis within the 
stented segment after follow-up ranging from nine 
weeks to nine months* whereas the statistical likeli¬ 
hood of such an event is approximately 30 percent 
or more. We also found it possible to reopen arter¬ 
ies that became occluded after a previous angioplas¬ 
ty* with favorable medium-term results. It is pos¬ 
sible* of course* that many of the arteries that we 
studied might have remained patent after angioplas¬ 
ty even without the placement of a stent; random¬ 
ized trials will be necessary to ascertain the long¬ 
term benefit. 

As for the potential risks of this method, little is 
known about the possible longer-term complications. 
We have no long-term information (beyond 12 months 
in canine arteries) on the outcome of the patency of 
side branches, and although the pros theses are com¬ 
pletely endothelialized, infection could conceivably be 
a future pitfalL We have specifically avoided travers¬ 
ing major branch vessels, not only because of uncer¬ 
tainty about long-term patency* but also because to do 
so would prevent later angioplasty should it be re¬ 
quired. We have also specifically avoided placing 
stents in segments having sudden changes in vessel 
caliber, since we believe that these might pose a higher 
risk of thrombogenesis. Similarly* poor distal runoff or 
lesions leading to competitive flow might increase the 
risk of thrombosis and could have been responsible for 
the occlusion of the stent in two of our patients. It is 
also possible that stents may induce coronary spasm* 
since any foreign body (e.g.* a guide wire) within 
the arterial lumen can enhance vasomotor tone; this 
could explain the ischemic reaction 15 minutes after 


maximal stress testing in the patient in whom no 
signs of thrombus were seen at surgery. 

Further studies will determine with greater preci¬ 
sion the benefits and risks of this new approach. On 
the basis of our preliminary experience* we suggest 
that intravascular stents may represent a valuable ad¬ 
junct to transluminal angioplasty. 

References 

]. Lcimgrtibcr PP. Rcubrn GS, Heilman J, et al. Restenosis after successful 
coronary angioplasty in patients with single-vessel disease Circulation 
L986; 73:710-7. 

2. Simpson IB, Zimmerman JJ, Salmon MR, et at Transluminal atherectomy: 
initial clinical results in 27 patients. Circulation 1936; 74;Suppl 2:203. 
abstract, 

3. Ritchie XL, Hansen DD, Vracko R, Audi D, In vivo rotational thrombec¬ 
tomy — evaluation by angioscopy. Circulation 1986; 74:Suppl 2:457. 
abstract. 

4. Choy DSI, Sterner S, Rotterdam HZ, Shairock N, Kaminow IP. Trans¬ 
luminal laser catheter angioplasty. Am J Cardiol 1982; 50:1206-8. 

5. Abels GS, Nnrmann SJ, Cohen DM, ci ftl. Laser recanalizaiion of occlud¬ 
ed atherosclerotic arteries in vivo and in vino. Circulation 1985; 71:403- 
1L 

6- Isner JM, Clarke RH. Laser angioplasty: unraveling the Gordian knot. J Atn 
Coll Cardiol 1986; 7:705-8, 

7. Palma? 1C, Sibbeit RR, Reuter SR, Tio FO, Rice WJ. Expandable intru* 
luminal graft: a preliminary study: work in progress. Radiology 1985; 156: 
73-7. 

8. Maass D, Kropf L, Egloff L, Demierre D, Turina M, Sennlng A. Translu¬ 
minal implantations of intravascular "Double Helix" spiral pmstheses; tech¬ 
nical and biological considerations. Proc Eur $oe Artsf Organs 1932; 9:252- 
6 . 

9. Wright KC, Wallace S, Chamsangavcj C, Carrasco CH, Gianturco C. Per 
cutaneous endovascular stents: an experimental evaluation. Radiology 1985; 
156:69-72. 

10. Dotter CT- Transluminal ly-placed coilspring endarterial tube grafts: 
long-term patency in canine popliteal artery. Invest Radio] 1969; 4:329- 
32, 

11. Cragg A t Lund G, Rysavy J, Castaneda F, Castaneda-Zuniga W, AmpUtZ 
K. Nonsurgical placement of arterial endoprostheses: a new technique using 
nit mol wire, Radiology J9S3; 147:261-3. 

12. Dotter CT, Busehmann RW, McKinney MK, Rosch I. Transluminal ex¬ 
pandable nitinol coil Stent grafting: preliminaiy report. Radiology 1983; 
147:259-60. 

13. Palma?. JC, Windeler SA, Garcia F, Tio FO, Sibbitt RR, Reuter SR, Athero- 
sclcrutic rabbit aortas: expandable intraluminal grafting. Radiology 1986; 
160:723-6, 


Massachusetts Medical Society 
Registry on Continuing Medical Education 

To obtain information on continuing medical education courses in the New England area* 
write or call* indicating field(s) or specialty in which information is desired, the Committee 
on Medical Education, 1440 Main St.* Waltham* MA 02254; telephone (617) 893-4610 
(Metropolitan Boston) or WATS 1-300-322-2303 (Massachusetts). 






8 Mammography 


Diagnostico de los tumores de la mama 
por la radiografia simple. 

Boletin de la Sociedad de Cirugia 
del Uruguay 20 (1949): 407-422 

R. Leborgne 

La radiographie de la glande mammaire 
J Beige Radiologie 35 (1952): 226-268 

CM. Gros, R. Sigrist 

Experience with mammography in tumor institution: 
evaluation of 1000 studies. 

Radiology 75 (1960): 894-900 

R. L. Egan 

Evaluation of periodic breast cancer screening 

with mammography. Methodology and early observations. 

JAMA 195 (9) (1966): 731-738 

S. Shapiro, P. Strax, L. Venet, 

Xerography of the breast. 

Radiology 91 (1968): 231-240 

J.N. Wolfe 

Reduction in mortality from breast cancer after mass 
screening with mammography. 

Lancet i (1985): 829-832 

L. Tabar, C.J.G. Fagerberg, A. Gad, L. Baldetorp, 

L.H. Holmberg, 0. Grontoft et al. 

Mammographic Microcalcifications: Detection 

with Xerography, Screen-Film, an Digitized Film Display. 

Radiology 159(1986): 673-677 

R.L. Smathers et al. 

Breast imaging: Dual-energy projection radiography 
with digital radiography. 

Radiology 164 (1987): 869-870 

T. Asaga, S. Chiyasu, S. Matsuda, H. Mastuura, 

H. Kato, M. Ishida, T. Komaki 


Stereotactic breast biopsy with a biopsy gun. 
Radiology 176 (1990): 741 -747 

S.H. Parker, J.D. Lovin, W.E. Jobe, J.M. Luethke, 
K.D. Hopper, W.F. Yakes, B.J. Burke 


8.9 


656 




540 


Chapter 8 Mammography 


Breast Imaging 

Today mammography is one of the most frequent X-ray examinations. Particularly 
during the last two decades, mammography has experienced an enormous expan¬ 
sion. Since the mid 1990s there has been great interest in digital mammography. 
Due to the demand for high image quality there are still a lot of technical and 
financial challenges before changing completely from screen-film to digital mam¬ 
mography. 

The main complementary imaging techniques to mammography are ultra¬ 
sound and MRI, which both have the advantage of not using ionizing radiation. 
Ultrasound is relatively inexpensive and plays an important role as guidance for 
needle biopsy. MRI been performed as a Gd-DTPA contrast-enhanced dynamic 
study and it is a very sensitive and moderately specific technique. Certain indica¬ 
tions such as the investigation of unclear findings on conventional examinations 
are already established. This includes multifocal malignant diseases and the inves¬ 
tigation of the postoperative, postirradiated and augmented breast. Other indica¬ 
tions for these complementary techniques such as screening of the high-risk 
patient are not yet established. X-ray mammography is still the golden standard 
for breast imaging. It is still largely the only technique that can detect breast can¬ 
cer in a preinvasive stage. 

At first there was hardly any interest in using X-rays for the diagnosis of soft- 
tissue diseases, because these usually superficial changes were accessible for in¬ 
spection, palpation and clinical assessment. However, a special situation existed 
for the diagnoses of changes in the female breast. It took another 18 years before in 
1913 the first paper on radiographs of breast diseases was published by Albert 
Salomon, a German surgeon of the Royal Surgical University Clinic in Berlin. 
Salomon’s first mammographs already provided satisfactory information on 
tumor spread and the borders of the tumor. He was able to demonstrate the 
radiomorphological changes in various types of breast cancer. Because Salomon 
was unable to examine patients with breast diseases, in vivo mammography only 
won clinical recognition many years later. 

Stafford L. Warren from Rochester, N.Y. noticed in 1926 that he could obtain a 
reasonable outline of the breast while performing thoracic aortic fluoroscopy. He 
published a report on 119 female patients of whom 48 had breast cancer. The first 
paper on radiographic diagnosis of the female breast in patients with problematic 
clinical findings was published by Otto Kleinschmidt from the University Hospital 
of Leipzig, Germany in 1927. Dominquez noted calcifications within breast can¬ 
cers; Seabold studied breast changes associated with menses (1931); Vogel differ¬ 
entiated between cystic mastitis and cancer of the breast (1932) and Raoul 
Leborgne succeeded in to differentiating between micro-calcifications in masto- 
pathic changes and those in malignant formations (1935). He especially outlined 
the need for vast technical improvement to allow study of those elusive calcifica¬ 
tions in breast cancers. As early as 1951, Leborgne demanded the following main 
requirements for mammographic technique: Survey view in craniocaudal direc¬ 
tion, entire breast with long cone (60 cm), slight compression of the breast, 
30 kVp, 5 mA/6 s, film without intensifying screen further additional lateral views if 
the upper part of the breast is not clearly visible and a selective view with 20 kVp, 
30 cm focus-film distance, cone opening as small as possible. 

In 1937 Gershon-Cohen, Colcher and Sticker, in cooperation with the patholo¬ 
gist Helen Ingelby, correlated for the first time breast anatomy and pathology 
using breast radiography. In an extensive study from 1964 Gershon-Cohen was 
able to determine that the accuracy of clinical examination with palpation and 
inspection alone was only 48%, while the radiological examinations gave a diag¬ 
nostic certainly of 90%. 




Introduction 


541 


Galactography was first perfomed by Ries (1930) and Hicken (1937) by filling 
contrast media for mammographic visualization of breast tumors. 

In 1956 Robert L. Egan in collaboration with Gilbert F. Fletcher from the Tumor 
Institute, Department of Radiology of the University of Texas’ MD Anderson 
Hospital in Houston reported on variations of technical factors that would be 
required for optimal mammographic examinations. Egan settled on a high-mA 
low-kV technique coupled with an unfiltered beam and a fine-grain industrial 
film. Egan also deserves credit as the first to use the term “mammography” for 
roentgenological examinations of the breast. Under the sponsorship of the Breast 
Cancer Detection Demonstration Project (BCDDP) and the results of mammo¬ 
graphic study comprising 64,000 women, Egan emphatically proposed since 1973 
mammographic screening for early detection of breast cancer. 

A new method for soft tissue breast imaging was presented with xeroradiogra¬ 
phy in i960, by Gould et al from St. Vincent’s Hospital New York. This work was 
continued by Wolfe et al in 1968. A faithful delineation of microstructures could 
not be obtained, but this technique remains advantageous for large breasts and for 
visualizing breast structures that have substantially different absorption. 

A real technical revolution in mammography goes back to the French physicist 
Charles M. Gros. By using a molybdenum-anode tube, which was originally ap¬ 
plied for non-destructive testing procedures, he developed in 1966 the first X-ray 
unit dedicated to mammography. The Senograph (French for “picture of the 
breast”), with its incorporated compression device, lowered the entrance dose suf¬ 
ficiently to allow use of a molybdenum target and take advantage of the K radia¬ 
tion spectrum. In addition the Senograph used a molybdenum filter and a berylli¬ 
um window. It produced an energy band that was nearly perfect for soft tissue 
radiography. The apparatus was flexible, allowing a full 360° arc of the tube. It 
opened the door to variable patient positioning. In 1969 CGR introduced this unit 
to the United States and dedicated mammography was brought into widespread 
commercial use. The Senograph and with the development of the rare earth inten¬ 
sifying screens paved the way for modern mammography and were fundamental 
for the enormous expansion of mammography during the last two decades. 

Another considerable technical step forward was taken by Gajewski of Siemens 
Erlangen, Germany in 1967. To improve the standard low-radiation technique he 
development a special X-ray tube with a rotating anode and thinner glass window. 
To obtain reproducible image quality an automatic exposure control for mam¬ 
mography was developed by Siemens and tested by Hoeffken, Heuss and Roedel in 
1970. 

In physical experiments Friedrich, from Berlin, was able to show that 44% of 
the total radiation in mammography was scattered radiation. To achieve a signifi¬ 
cant reduction in scattered radiation special grids are necessary to overcome this 
problem. Following his investigation grid mammography was introduced in 1978. 

Innumerable improvements have been formulated in film sensitivity, optical 
film density and graduation, screen sensitivity and granulation as well as in the 
X-ray tube design. The introduction of the microfocus magnification technique 
and the clinical results of Georgi et al from 1978 have been verified and confirmed 
by several mammographic centers. Microfocus magnification is without any 
doubt an asset in recognizing fine structures and indispensable for the early diag¬ 
nosis of breast cancer. 

In the 1980s the design of the second generation of mammography units 
reduced exposure time significantly, giving patients more confidence during the 
procedure. The first motorized compression devices helped to simplify mammog¬ 
raphy procedures, opening the door for “mass screening” of women. In 1987 fur¬ 
ther design improvements, including add-on components for breast biopsies, were 
introduced. In 1992 a new and significant technical improvement was achieved 
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through the design of a bimetallic X-ray tube with a rotating molybdenum and 
rhodium focal track. This X-ray tube enables better penetration of the breast tis¬ 
sue with less radiation exposure to the patient. 

One important and interesting study on mammography screening was intro¬ 
duced in Sweden in 1978. The long-term value of mammography screening has 
been the subject of considerable debate over the past few years. Laszlo Tabar from 
Falun Central Hospital, Sweden, and colleagues compared deaths from breast can¬ 
cer in two Swedish counties 20 years before and after screening. Their analysis in¬ 
cluded 210,000 women diagnosed with breast cancer aged 20-69 years. Women 
aged 40-69 years who received screening had a 44% reduced risk of dying from 
breast cancer compared with women in the same age group who were diagnosed 
with breast cancer before screening was introduced. There was no evidence that 
improved treatment had a significant effect on breast cancer mortality for women 
younger than 40 years of age ( an age group that has never been offered screen¬ 
ing). Women aged 40-69 years who were not screened after screening had been 
introduced had a 16% reduction in death from breast cancer compared with 
women diagnosed with breast cancer before 1978. 

For use with palpable masses fine-needle aspiration cytology was the first 
alternative to open biopsy. In 1977 Nordenstrom from Sweden introduced its 
application to nonpalpable lesions under stereotactic guidance. In 1982 Lindgren 
introduced core-needle biopsy using an automated large-core gun. This idea was 
adapted to stereotactic breast biopsies by Parker in 1990. Further improvements 
such as ultrasound-guided breast core-needle biopsy led to a revolution in breast- 
biopsy methods. 

One of the most recent advances in X-ray mammography is digital mammog¬ 
raphy. First reports of digital mammography goes back to Smathers et al (1986) 
and Asage (1987). In 1996 digital spot view acquisition systems become available 
for mammography. Digital spot view mammography allows faster and more accu¬ 
rate stereotactic biopsy. This results in shorter examination times and significant¬ 
ly improved patient comfort and convenience since the time the patient must re¬ 
main still is much shorter. Four years later GE introduced the first full-field digital 
mammography system. With continued improvements and more cost efficiencies, 
the “full-field” mammography systems may eventually replace the traditional 
screen-film technique. 

A new approach to mammography was described first by Niklason et al., who 
introdued digital tomosynthesis mammography in 1997. This technique holds 
potential for greatly improving the detection of breast lesions and the ability to 
predict whether they are benign or malignant. By eliminating the overlapping 
breast structures it may be useful particularly in dense breasts where low-contrast 
objects are projected in the same image area. 

Other modern techniques are in discussion. In contrast subtraction mammog¬ 
raphy, introduced by Watt et al. in 1986, the Gd-DTPA contrast agent is useful and 
enables the evaluation of net images as a function of time. Dual-energy mammog¬ 
raphy (Johns et al. 1985) recently has been improved by the development of special 
monochromatic X-ray sources. In 2002 first significant results were obtained with 
an experimental set-up. (Marziani et al. 2002) 
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8.1 Diagnostics de los tumores de la mama 

por la radiografia simple. Boletin de la Sociedad 
de Cirugia del Uruguay 


Raul A. Leborgne (1907-1986) 


Raul A. Leborgne was born in Montevideo, Uruguay, on 19 April 1907. In 1939 
Leborgne received his MD from the Medical Faculty of the University of 
Montevideo. R Raul Leborgne was a student of Dr C. M. Dominguez. Dominguez 
and his associates were involved with the development of clinical mammography, 
and in 1929 and 1930 published several basic articles related to its clinical poten¬ 
tial. 

In co-operation with his brother Felix, Raul Leborgne he worked since 1928 as a 
staff radiologist at the X-ray department of the Pereira Rosseel University 
Hospital. Leborgne specialised in radiological diagnosis of diseases of the breast 
and in the X-ray therapy of mammary cancer. 

Based on the work of Dominguez, Leborgne subsequently demonstrated the di¬ 
agnostic importance of the fine calcifications that may be detected radiographi¬ 
cally in a high proportion of breast cancers. Leborgne stressed the need for high 
radiographic contrast and fine detail, a combination he obtained by the use of 
very low kilovoltage, a target-film distance of 60 cms, non-screen film, and opti¬ 
mal X-ray beam collimation. He also used the collimating cone to compress the 
breast, a technique that reduced both radiographic tissue scatter and patient mo¬ 
tion. The combination of collimation and compression was later adopted by 
equipment manufacturers and is now a standard component of dedicated mam¬ 
mography machines. Of particular importance was Leborgne’s observation that 
approximately 30% of breast cancers contained fine calcifications, particularly 
those of intra-ductal origin. These observations, made in 1949 and 1951, represent¬ 
ed a significant step forward in the art and science of mammography. 

Leborgne was appointed head of the Instituto de Radiologfa y Centro de Lucha 
Contra el Cancer at the Hospital Pereira Rosseel and head of the Department of 
Cobalt Therapy of the Italian Hospital. Dr. Leborgne published numerous articles 
on radiological diagnosis of diseases of the breast. In 1949 he emphasizes breast 
compression for identification of calcifications. In 1953 he published his classic 
book on “The Breast in Roentgen Diagnosis”. 

Picture courtesy Alfredo Buzzi MD, Buenos Aires, Argentina 2004. 
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BOLETIN' DE LA SOCIEDAD DE CIRFGIA DEL URUGUAY 

For esc a to do enfermo eon un sindrome de oligo - anuria lo estudia~ 
mos del pun to de vista humoral con hematocrito, proteinemia, Yolemia y 
estudio cuidadoso de su sindrome urinario (sedimento, densidad de orina). 
So debe proceder frente a cada ease estudiando la fisio-patologia del sin- 
drome urinario para actuar sob re el factor pre-camara renal; rindn o 
aparato excretor segun la lesion predominate. Hemos visto en la Cllnica 
cases de anuria en due tenidndose bien esfudiado el deficit humoral 
benefieian r&pidamente con la transfusion en tanto que en otros casos 
esta inedida terapeutica esta contraindicada. 

En otros ambientes se ha ido mas alia en el estudio de la deshidra- 
tacion; es asi que por el volumen tiocianato se mide el espacio intersticial. 

La importancia practica de todo esto es que enfernios preagonieos eon 
anurias de 48 boras de duraeion con uremias cerca de 4 grs.,-bien tratados, 
se restituyen. 

Solo nos queda felicitar al Dr. Lockhart por sn comunicacion con la 
cual estamos enteramente de acuerdo. 

Dr. Lockhart. — Yo quiero agradecer al doctor Fernandez y al doctor 
Gordon el interns que se ban tornado por mi comunicacidn, cuyo unico 
valor es nada mas que poner un poco al dia un tema que me parece que 
es complejo, diflcil, y en el que he tenido la suerte de tener experiencia y 
que me ha permitido sobre todo y en eso quiero insistir, ratificar dos 
cosas que son de importancia: 1* la existencia del sindrome de liepato- 
nefritis traumatica ratificado por la experiencia, ratiflcado por la clinica 
v por hechos necrosicos inclusive; y en segundo termino como cuestidn 
terapdutiea, la dialisis gastrica que ha sido tan eficaz, que haee que en 
el memento actual yo la hay a adoptado casi sistematicamente en los cases 
de oligo-anuria donde hay que esperar el periodo prudencial que implica 
la recuperacion del nefron. 


400 
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BOf.ET f?ff I)E IjA SOCIEDAD DE CIRUGlA DEL URUGUAY 


Inatitutn rie Radiologia y Centro de Lucha contra a\ Cancer 
del Ministerio de Kalud Ptiblica 

Director: Dr. F&lix E. Leborgne 
Montevideo — Uruguay 


DIAGNOSTICO DE LOS TUMORS S DE LA MAMA FOR LA 
RADIOGRAFIA SIMPLE 


J)i\ Haul Leborgne 

ColaUoraaidu anatomo-patoldgica; Prof. Carlos Jkl. Dominguez y 
Dr. J. A. Maul one 

A los clasicos elementos semiolcgicos que conducen al diag- 
nostico clinieo en las afecciones mamarias, debe incorporarse ac- 
tualmente el estudio radiologico de dicho 6rgano. 

La patologia mamaria es un teraa de predilection en el Insti¬ 
tute de Radiologia y Centro de lucha contra el Cancer y tendre- 
mos el honor de someter a la consideration de la Sociedad de Ci- 
rugja, algunos capltulos y comentarios, sobre el diagnostieo radio¬ 
logico de los tumor es mamarios que ya han salido de la etapa de 
estudio y experiment acion, para ser aplicados a la clinica diaria. 

La exploracidn radiologica que fue tratada por primera vez 
en nuestro medio por los Profesores Carlos Maria Dominguez y 
Eduardo Blanco Acevedo no es lo suficientemente valorada y 
creemos que debe tener un sitio de pi*eferencia en toda ficha ma¬ 
maria. 

El examen radiologico puede ser simple o mediante inyec- 
cion de substancias opacas en los galactoforos. 

Nos ocuparemos en esta comunicacion de la radiografia sim¬ 
ple, debiendo destacar que su indication es en las mamas con 
predominio de tejido adiposo donde el contraste radiologico es 
mas notable y tal como suele verse en las mujeres mas alia de 
los 40 anos. 

Con los perfeccionamientos tecnicos radiologicos y de inter- 
pretaeion que en este campo hemos introducido, logramos actual- 


* Esta comunicacion fue presen tada en la sesion del 4 de agosto de 1949 . 
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mente individualize, con gran freeuencia, en medio del paren- 
quima mamario, las distintas imagenes utiles para basar un diag¬ 
nostico preciso. 

En estos casos, bien entendido que se requiere una amplia 
experiencia del tema, se obtienen tan brillantes resultados, que 
creemos que en un futuro proximo, la biopsia extemporanea vera 
limitadas sus indicaciones. 

La compleja patologla mamaria y la poca difer.encia de opa- 
cidad entre los tejidos normales y patologieos hacen que el estudio 
radiografico exija una tecnica perfecta. 

Tecnica radiografica 

La proyeccion craneo caudal es la indicada. Se realizara pri- 
meramente una placa topografica utilizando un cono grande que 
abarque toda la mama y luego otra, localizando exactamente la 
region tumoral, con cono de diametro lo mas pequeno posible 
para evitar la radiacion secundaria. — Fig. N 9 1. 

Esta ultima radiografia es la que tiene gran valor diag¬ 
nostico. 

Como factores de tecnica radiografica empleamos los siguien- 
tes: 60 cm. de distancia foco placa, 30 K. V., 5 M. A. S. por cen- 
timetro de espesor de mama y peliculas “No Screen”. 

Creemos conveniente, ademas, para que se interponga la me- 
nor cantidad posible de tejido mamario, ejercer una ligera com- 
presion con el cono, a traves de una almohadilla de algodon inter- 
puesta entre el y la mama. 

Los tumores localizados en la proximidad del Iimite superior 
de la mama se aprecian con cierta dificultad en la proyeccion cra¬ 
neo caudal, por cuya razon esta debe ser complementada con una 
incidencia lateral. 


Interpretacion radiografica 

Vamos a considerar en esta comunicacion las imagenes radio- 
graficas mas freeuentes, caracteristicas y de real valor diag¬ 
nostico que hemos encontrado. 
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Tumores benignos. 

Los tumores benignos encapsulates, fibro-adenomas o quis- 
tes, dan una imagen redondeada o poli-lobulada, a limites nitidos, 
pudiendo presentarse a veces parcial o totalmente rodeada de un 



FIG- L — Posioidn de la enferma y enfoque 
radio gT&ficQ para la obtencidn de la placa 
or&neo caudal. Ob serves e las caracterlstieas 
del cono y la almohadilla compresora Inter- 
puesta entre £1 y la mama- La pellcula estd 
en contacts directo eon la mama- 

halo transparente que la separa del tejido mamario peri-tumo¬ 
ral (Fig. N ? 5). 

Son de tamano sensiblemente semejante al que se aprecia 
clinicamente. 

El estudio radiologico de los tumores encapsulados debe ser 
completado con la trans-iluminacion en la cual el quiste a con- 
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ESUIJEMAS LOS PR1NCIPALES ASPECTOS RADIOliRA b'lOOS DE LOS 

TUMORES MAMARTOS 



fc'iG- a. — TumcraeiGn encapsulada a 
Ifmites nltidos. 




PIG. 4. — Fequeflas e inoontabies cal- 
eifieaciones puntlformes, como gra- 
nos de sal fin a* en el nddulo tumo¬ 
ral y en su alrededores, propias de 
iesi6n maligna. 
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FT(L 5- — NGdtilo a. 11 mi ley nltMos* clisoretameuu poli-lobula- 
■flos, uon halo transparent** en su tfniite externo* Fihro- 
sulenoma. 


tenido citrine aparece transparente, el fribro-adenoma muestra 
medians opacidad y el cisto-adeno-eareinoma habitualmente por 
su contenido hemorragico es ds una notable opacidad. 

Turn ores malign os. 

Las imagenes radiologicas mas frecuentes de los adeno-ca:- 
cinemas de la mama tienen las siguientes caracteristicas; 

Forma: sensiblemente redondeada, pudiendo ser ocasional- 
mente polilobulada. 
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FIGS- Gy?.—' NGdulos da contornos aapiculados tipicos, prop! os 
dal carcinoma estiuirroso, con umbilicaoifin dal mamelGn. 
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FIG. S, — 8^ observan dos nddulos de contornos esplculados 
tfpicos, iriadiados hacia el tejido mamario vecino y en for¬ 
ma de puente entre ellos, Covi'esponden a dos pequefiosj car- 
oinomas esquirrosos, simultaneos en la misma mama, turn 
de ellos inapreoiable a la palpaeifin. 

Tamano; oscila generalmente entre 1 cm. y 4 cm., pero el 
elemento fundamental para el diagnostico es que el tamano que 
se aprecia en la radiografia es en general, menor que el que se 
determina clmicamente. 

Contornos: habitualmente no muestran la nitidez de los tu- 
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E''kj. i). — Forma espicu- 
Iada tlplca, c,:on ind- 
l>i ente propagation ha- 
ria la plel 



V I’G, i II. — Forma 
poll-lobulada a 1T- 
mittss net os, con 
escasay esplculas. 


mores benignos, presentando por el contrario numerosas espiculas 
o dentelladuras, de longitud variable, que partiendo de su peri- 
feria se irradian hacia el tejido mamario vecino. Este aspecto 
espiculado les confiere un caracter tipico de tumor maligno y tra- 
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FIG, 1J. N6dulo a M mites 
precise fie tioni orno den- 
tel!ado f epitelioma. 



FIG. 12* - N6dulo 
a llmites nftidos, 
con petruenas es- 
plculas* epitelio¬ 
ma esquirroso. 


duce su naturaleza predominantemente esquirrosa. Fig N ? 3. 

Oeasionalmente, presentan contornos nitidos bastante simi- 
lares a los procesos encapsulados, y el diagnostico radiologico 
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diferencial en estos casos puede presentar dificultades, que se 
van allanando con la experiencia. 

Densidad: sombra generalmente uniforme, pudiendo tener en 


FIG. 13. — Numerusas e 
inuon tables pequeflas 
calcificaciones, c o ra o 
g-ranos de arena, en el 
interior del nddulo tu¬ 
moral. 



FTg. 14, — Kadlografta del corte anatdmioo de la pieza oyeratoria oorres- 
pondiente a la radiograffa de la figura anterior donde se* aprecian las 
calcificaciones con m&s nitidez. El estudio histo!6gieo reveld itn epi- 
telioma canalicular del tipo comedo. 

su interior una siembra de multiples calcificaciones puntiformes. 
Estas calcificaciones que describimos, constituyen un signo radio- 
grafico al cual le asignamos singular valor diagnostico y pueden 
hallarse bajo estas tres formas: l 9 — en el interior del nodulo, 
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2 Q en el interior del nodule y en su vecindad y 3 V como unico signo 
radiologico, es decir, sin imagen nodular tumoral. 

Tanto los contornos espiculados como la siembra de caleifi- 
caciones puntiformes, cuando son bien caracteristicas, constitu- 


FIG. 15. — Sa apreclan multiples e 
incontables calclficaciones como 
gran, os de sal firm en el interior 
del nddulo y en su vecindad. ca¬ 
racteristicas de lesidn maligna 


FlG r Hi. — ■ Siembra 
miliar de calcifies- 
cionesj sin imagen 
nodular en un car¬ 
cinoma papilar, 

yen imagenes radiologicas de tal jerarquia que permiten prescin- 
dir de la biopsia extemp or area. 

Debemos recordar, que no todas las calcifieaciones mamarias 
estan asociadas a procesos malignos y que pueden encontrarse, 
tambien con mucho menor frecuencia, en procesos benignos, ya 
sea tumor ales o como incrustaciones de los galactoforos o de los 
vasos sangumeos. 
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Flti. IT. En Ian parades de log caualeg galaclAforog s<s observan mtilU- 
ples cnitilfinacnmea tpie no delitfn (tuiflindfrse con las (lilt rtegcrihlmos 
en fc?sl(■■ trabajo dmio prti|iias de low tumores imilignos. 



FIG. lb. — redonde&da, encapsulada, transparent^ a los 

rayos X f correaponrtiendo a un ^alaetoeele a eontemdo 
mantecoso. 


Con cierta experiencia, el diagndstico diferencial entre las 
calcificaciones de los procesos malignos, que hemos descripto y 
las calcificaciones de los benignos es en general facil. Estas ulti¬ 
mas, especialmente en el fibro-adenoma, se diferencian de las Cal¬ 
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cificaciones malignas en que son mas grandes y por lo tanto mas 
visibles, se presentan en menor mimero, tienen un caraeter eon- 
fluente, o una disposition circular periferica en la capsula del 
tumor. 

Las calcificaciones de los galactoforos son tambien muy vi¬ 
sibles, tienen limites paralelos o contornos circulares, segun la 
proyeccion radiografica y cierta tendencia a convergir hacia el 
mamelon cuando es un proceso generalizado. 

El contraste de la sombra nodular, aunque no es muy grande, 
alcanza en general a distinguirse del tejido mamario, siempre 
que se reunan las siguientes condiciones: el empleo de una tecnica 
radiografica apropiada, que la mama sea predominantemente 
grasosa y que el tumor no este localizado en la periferia de los 
cuadrantes superiores. 

El hecho de no visualizar un tumor no tiene valor diag¬ 
nostic, pues existen, especialmente algunas formas encefaloideas, 
sin traduccion radiografica, pudiendose en este caso, emplear la 
tomografia como tecnica auxiliar. Y en general diremos, que cuan¬ 
do no se encuentra imagen radiografica que justifique el tumor 
palpable, debe practicarse la exploration biopsica sin perdida de 
tiempo. 
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Charles Marie Gros (1910-1984) 


Charles M. Gros was born on 12 August 1910 in Aigues. He studied mathematics 
and physics and received his diploma in 1928 and 1929. Under the direction of 
Professor Lamarque from Montpellier Gros started to study medicine and ob¬ 
tained his MD in 1943. He became chief of the radiotherapy service of the Centre 
Regional Anticancereux de Strasbourg in 1947 and the department of radiology in 
1949. In 1951 he became interested in investigations of breast pathology and pub¬ 
lished with his co-worker Sigrist his paper on “La radiographie de la glande mam¬ 
maire” which initiated a new phase in mammography in Europe. In 1963 he 
described the interrelationship of pathology, clinical examination, histology and 
radiology. Gros also described the typical carcinomatous configurations of micro¬ 
calcifications in intraductal comedo carcinoma and pointed out the irregularity of 
separate micro-particles. This work formed the basis for the future analysis of the 
differences between benign and malignant micro calcifications of the breast. 

Gros’s revolutionary achievement was the technical improvement of mammog¬ 
raphy by using a molybdenum anode X-ray tube, which was originally developed 
for non-destructive testing. In co-operation with CGR he developed in 1965 the 
“Senograph”, which was the first X-ray unit dedicated to mammography. 

He was appointed Professor of Radiology at the University of Strasbourg, a 
position he held until his retirement in 1979. Charles Gros died on 11 November 
1984 - 

Picture courtesy Dr. Rene van Tiggelen, Belgian Museum for Radiology. 
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LA RADIOGRAPHIE DE LA GLANDE MAMMAIRE 

par le Prof. agr. Ch. M. Gros et D r R. Sigrist (Strasbourg). 
(Centre Anti-Cancereux.) 


La mammographie n J a pas encore la place qu’elle merite dans 
le radiodiagnostic; nee tardivement, son developpement fut ties 
lent. Malgre quelques discretes apparitions dans differents pays 
a plusieurs epoques, elle est res tee pendant longtemps ou mecon- 
nue ou dedaignee. Cependant les differents travaux, surtout de 
ces dernieres annees, montrent qu J elle est en voie d’atteindre sa 
maturite et qu’elle peut pretendre completer un examen detaille 
de la mamelle et s’integrer dans le radiodiagnostic. 

Son histoire peut schematiquement se diviser en trois parties 
de 37 ans. 

Premiere periode : 1896-1913. — Nous n’avons pas trouve de 
publications pendant cette periode en dehors de celle faite par 
Salomon dans les archives de chirurgie de Berlin en 1913, Ce 
travail original, tres detaille, interessant a plusieurs points de vue, 
etudia les rapports de la clinique, de la radiologie et de Thistologie 
des cancers du sein : ses conclusions si elles sont incompletes, nous 
paraissent pleines d’actualite. Les cliches se rapportent aux pieces 
operatoires, mais sont demonstrates. 

Deuxieme periode : 1913-1930. — Ces radiographies resterent 
sans echo. 

Troisieme periode : 1930-1947. -— C'est la periode ou vont appa- 
raitre regulierement des travaux sur la radiographie du sein. War¬ 
ren de Rochester etudie le premier sur le vivant, la grande patho- 
logique. Ries injecte du lipiodol dans les galactophores. Pasqueta 
en France fait une communication a la Societe de Radiologie 
Medicale sur 1’interet de la mammographie dans le diagnostic de 
hr errnssesse. Romaenoni en Italic, Seabold a Philadelphia slnte- 
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ressent aux modifications radiologiques au cours du developpe- 
ment de la glande. Vogel en Allemagne cherche les images qui 
distinguent la mastite chronique du cancer. En 1933, Espaillat 
dans sa these fait le point de la question en continuant les travaux 
de Ledoux-Lebard et Garcia-Calderon. Fray et Warren attirent 
Fattention sur la stereoradiographie de la glande mammaire. 
Hicken publie en 1937 de nombreux documents et la Semiologie 
Radiologique commence a se preciser. Get auteur apres Baraldi 
injecte comme moyen de contraste de Fair dans tout le tissu 
peri-glandulaire. Avec Raoul Leborgne de Montevideo, cette explo¬ 
ration prend a pardr de 1947 un renouveau d’actualite. Ses nom¬ 
breux cliches, ses confrontations anatomo-pathologiques, son 
etude des calcifications, demontrent l’interet de la radiographie 
simple. 

Malgre ces quelques tentatives, ces publications faites dans 
divers pays, a differentes epoques, ce radiodiagnostic surtout sans 
preparation, n’a pas encore connu une brillante carriere, Est-ce 
parce que les indications netaient pas imperieuses? 

Les diagnostics des cancers avances etaient les plus nombreux 
ct les plus evidents; quant aux cas douteux, si les uns demandaient 
au microscope une ligne de conduite, d’autres se conten talent 
d’une impression clinique pour pratiquer une exerese large et 
immediate. 

Ou bien, est-ce parce que la radiographie mammaire avait 
encore trop de servitudes : Technique delicate, cliches peu con- 
trastes, perdant route signification par projection ou publication, 
interpretation non codifiee. 

Mais actuellement, les conditions se modifient. 

D’nne part : L’investigation de la glande mammaire devient 
plus precoce : que conclure apres une palpation detaillee sur la 
nature d’un nodule avec ou sans signe d’accompagnement? La 
biopsie systematique n’est pas toujours la solution ideale; com¬ 
ment sur veil ler une mamclle tumorale sans comparaison de docu¬ 
ments; la therapeutique du cancer du sein est si variee que le 
moindre renseignement morphologique ne serait pas inutile. 

D’autre part : La mammographie a fait des progres suffisants 
dans la prise des cliches et Finterpretation pour etre deja une tech¬ 
nique utile. 

C’est a la suite de ces travaux, en nous aidant des recherches 
faites sur la radiographie des tissus mous par Zuppinger, Melot, 



8.2 La radiographie de la glande mammaire 


567 


228 PROF. C. M. GROS 6i D r R. SIGRIST 



Fig. 1. — Incidence cranio-caudale. 



Fig. 2. — Les localisateurs utilises Dour la Tna.mmnm-anhiP 
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Franz Arne, que devant les defail lances de la clinique, les servi¬ 
tudes de la biopsie, la necessite d’avoir un document, nous avons 
depuis 20 mois aborde cette etude. Quatre cent cinquante seins 
normaux et pathologiques ont ete radiographies et plus de 2500 
cliches ont ete pris. Notre opinion sur cette investigation est faite : 
elle doit devenir un examen de routine. Sans doute, elle se perfec- 
tionne dans l’obtention et la signification des images, mais des 
maintenant, son utilite, sa valeur sont suffisantes pour en genera- 
liser l’emploi. 



Fig, 3 . — Image du foyer 3/3 mm. environ. 


Technique. 

L’analyse radiologique de la glande mammaire peut etre faite 
sans preparation ou avec injection de produits de contraste. 

I. — Technique sans preparation : 

La radiographie simple. 

C’est une radiographie des tissus mous, les cliches doivent etre 
faits en series dans le temps et dans l’espace; adoptes a la malade 
et a la maladie. C’est une technique facile, mais longue et meti- 
culeuse, peu spectaculaire mais sans danger et sans douleur; 
demandant plus au radiologiste qu’a l’appareillage. Enfin l’etude 
des cliches eux-memes exige beaucoup de soins. 

Rarlantep amr Hssils mous : 
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Fig. 4. “ Sein normal 
1 ) 
2 ) 
3) 


chez une femme &g£e de 35 ans normalement regime. 
Lobule adlpeux. 

Cloison fibreuse interlobulaire. 

Tlssu glandulaire. 
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Les constituants elementaires de la glande mammaire normale 
ou pathologique, ont des poids atomiques faibles et tres voisins 
en-dehors du calcium, element rare ou peu abondant. Les images 
par consequent sont peu contrastees et correspondent soit a des 
differences d’epaisseur traversees, toujours tres faibles, soit a des 
legeres differences de densite. Seules les images des calcifications 
seront tres opaques. Les lobules de graisse sont les plus transpa- 
rentes tandis que la peau, surtout prise tangentiellement est rele¬ 
nt ent le plus opaque. 



Fig. 5. — Sein normal, profil. 

1) Glande mammaire. 

2} Marne Ion. 

3) Ligne claire retro-mammaire. 


(Void a titre d’exemple les den sites prises dans une de nos pieces 
operatoires extirpee pour epithelioma du sein : Graisse o,86; Mas- 
tite sclero-kystique 0,98; Tumeur 1,03, Mamelon 1,08; Peau 1,13). 

Le contraste des images et la finesse du dessin ne sont obtenus 
qu’en tirant par tie au maximum des differents facteurs geome- 
triques, physiques et photographiques. Le foyer doit etre fin (fig. 
3) la distance est de l’ordre de 80 cm, mais quelques fois pour les 
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tumeurs superficielles nous pratiquons la radiographie de contact. 
Les meilleurs contrastes semblent obtenus avec des voltages 
variant de 30 a 40 kv selon l’epaisseur traversee. La diffusion est 
reduite le plus possible par la compression du sein, les localisa- 
teurs adaptes {fig. 2) exactement a la forme et au volume aussi 
bien du sein que de la tumeur. La grille antidiffusante n’est 
employee qu’exceptionnellement pour les seiqs trop epais; et les 
ecrans renfor^ateurs sont supprimes. Le film est a grain tres fin. 
L’examen des cliches doit etre fait avec beaucoup d’attention, au 



Fig. 6. (333/51.) — Retraction du mamelon par sclerose banale. 

Clinique : mamelon retract#. ombiliqu# chez tine femme agee de 57 ans, 
a la palpation des trainees dures et lisses retractent le mamelon. 

Radio : mamelon retract# avec nombreuses trainees opaques filant vers les 
parties post#rieure$ median es de La glande mammaire sans image turn or ale 
visible. 

Histologie i apres mastectomie totale sclerose sans signe histologique de 
malignit#. (Prof. Gery.) 


moyen d'un negatoscope dont la surface et l’eclairement variables 
s’adaptent aux images etudiees et permet ainsi de surprendre tous 
les details du cliche, en particular les calcifications miliaires. 

Les constantes utilisees dependent de trop de facteurs pour les 
preciser rigoureusement. Void un exemple pour situer 1’ordre de 
grandeur : 80 cms de foyer-peau, nous u till sons si la orlanrlf. rUnn*. 
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epaisseur de 8 cm. est normale, chez une femme jeune, 35 Kv et 
100 mA-Sec. (Tableau I.) 

Pour une meme epaisseur, nous utilisons quelques kilovolts de 
plus si la mamelle presente une infiltration assez etendue avec le 
meme nombre de mA-Sec; au contraire pour une glande adipeuse, 
chez une vieille femme nous diminuons de quelques K.V. Si la 



Pig, 7, (997/51.) — Mastite chronique sclero-kystique avec gros kyste. 

Clinique : Voussure de 4 cm. de diametre avec rougeur des plans cutanes 
et circulation veineuse saillante dans la region tumorale; ecoulement ti'un 
liquide citrin de 3 canaux galactophores, a la compression on palpe une 
masse tumorale de 5 cm, de diametre d’une durete elastique, polycyclique, 
bien mobile, non adh£rente, mais irreguliere. 

Tr^nsillumination : transparence partielle avec leger flou. 

Mammographie ; opacity arrondie a contours nettement limites sur les 
bords externes, homogene, Tissus voisins glandulaires refoules et parfaite- 
ment normaux dans le reste de la glande. 

Histologie : mastite clironique sclGro-Kystique avec grand kyste sans signe 
de malignity. (Prof. Gery.) 


mamelle est moins epaisse nous reduisons le kilovoltage. Lorsque 
It localisateur est tres etroit le temps de pose est legerement 
augmente. 

Enfin nous pratiquons systematiquement en incidence cranio- 

11 rl n 1 enr 1 mAmt* "film ci 1 ef>iT\ nUet e tmn irnl1 irrutip) iv 
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Fig. 8. —- Meme malade, radiographie dite de contact reproduisant plus 
nettement tons les signes deer its sur l’image standard. 



Fig. 9. — Meme malade, injection du .canal galactophorique qui met en 
evidence une formation kystique, dont le volume radiologique correspond 
exactement au volume tactile. 
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3 cliches de la mamelle suspecte.en variant legerement le temps 
de pose de fa<;on a obtenir des radiographies de durete differen- 
tes; 1 seul cliche pour le sein normal. 

b) Necessite des cliches en series dans le temps et dans l’espace. 

1 9 Incidences : La station debout avec incidence cranio-caudale 
nous parait etre fondamentale comme pour Leborgne (fig. i). Le 
cliche peut aussi etre pris dans d’autres conditions, mais pour 



F-ig. 10. (2175/51.) — Kyste suppur 6 . 

Clinique : malade de 25 axis, peau d’orange rouge avec masse sous-jacente, 
dure, de 3 cm. de diametre ayant rapidement augments de taille, ganglion 
dur et mobile au niveau du creux axillaire. 

Radio : cedeme tres prononce de la region cutanee sus-jacente a la tumeur, 
aspect feuillete du derme, la formation tumorale est arrondie, son volume 
correspond an volume tactile, les contours sont nets, son opacity est homo- 
gene, 11 n’y a pas dInfiltration des tissus voisins. 

Histologic : mastite subaigue avec grand kyste, sans si gne de d£g£n£res- 
cence maligne. (Prof. Geht.) 


nous ce sont des incidences secondaires. Cliches en oblique ant. 
ou post, selon la situation de la tumeur ou de profil. Le decubitus 
est conseille par Ledoux-Lebard; la malade est couchee sur la table 
radiologique, le bras releve le long de la tete. Cette position per- 
met de prendre outre l’image de la glande mammaire, la region 
axillaire. Le procubitus (-) sur une table speciale creusee 
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Fig. 11. — Meme maiade, radiographie dite de contact, to us les signes 
radiologiques sont plus accentues par rapport a Vimage standard. 



12 — 


Fth 


Mfrme mala (in nonntion a la foreuse 6leottimie 
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d’une ouverture a travers laquelle pend le sein, est utilise par Ger* 
son-Cohen. En dehors des 3 cliches en incidence fondamentale 
cranio-caudale qui sont faits systematiquement pour toutes les 
glandes mammaires, quelques radiographies sont prises dans des 
conditions qui varient avec la forme du sein et localisation tumo- 
rale. 

Un cliche est pris toujours avec un localisateur etroit adapte 
aux dimensions de la tumeur. 



Fig. 13. — M: erne malade, injection d^air apres Evacuation au trocard. 

%° Repetition des examens . 

Quelques fois cet examen est repris loin des regies, le sein est 
alors moins congestionne, se laisse raieux analyser (Espaillat), 
Cet examen est aussi repris lorsque les premiers cliches paraissent 
douteux ou pour suivre revolution de la tumeur spontanement 
ou apres une therapeutique* 

IL — Technique avec injection de produits de contraste : 

mammographie „ 

a) Galactophorographic ; le corps utilise est le diodone, sub¬ 
stance qui n’a pas la viscosite du lipiodol auquel on a reproche 
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certaines complications inflammatoires par stagnation dans les 
canaux ou dans certaines cavites, ni la radio-activite du thorotrast, 
L/entree des galactophores est legerement dilatee avec des sondes 



Fig. 14. (2077/50*) — Tumeur benigne phyllode* 

1) Tlssu adipeux. 

2 ) Llser£ clair p^ritumoral. 

3) Masse tumorale. 

4) Mamelon. 

5) Calcification de type benin. 

Clinique : malade de 63 ana pr£sentant une tumeur polycyclique a con¬ 
tours irreguliers de 7 cm. de diametre avec legere peau d'orange au niveau 
des quadrants superieurs, pas d'adenopathie, durete ligneuse. 

Transiiiumination ; masse arrondie, tres opaque a contours irreguliers* 

Mammographie : opacite homo gene relativement intense de volume egale 
au volume tactile, a contours nets, reguliers, avec lisere clair p&ritumoral, 
sans infiltration du tissu glandulaire, qui est simplement refoule, deux volu- 
mineuses calcifications se trouvent a la Peripherie de la masse tumorale. 
Syndrome radiologique de tumeur benigne. 

Histologie ; conslderee cliniquement comme tumeur maligne, l'examen 
histologique est pratique apres Halsted : 

« Tumeur phyllode, hyperplasie epitheliale avec exuberance Gonjonctive 
sans aucun signe de malign!te. & (Prof. Gery*) 


metalliques comparables a celles utilisees pour le canal lacrymal. 
Le reperage des orifices est facilite par un leger massage et surtout 
par une goutte de serosite. L'injection, faite a faible pression au 
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moyen d’une aiguille a glande 1 aery male, n’est pas douloureuse. 
La radiographie doit etre faite immediatement car le diodone dif¬ 
fuse tres vite dans la glande elle-meme pour s’elimtner ensuite tres 
rapidement. Une heure apres l’injection, il n’y a plus trace de pro- 
duit opaque dans les galactophores. L’injection des galactophores 
surtout s’il y a un ecoulement est pratiquee success! vement. 



Fia. 15. (294e51,) — Ad&nofibrome, 

Incidence standard ; 

1 ) tissu mammairc, 

2 ) liserG clair, 

3) masse tumor ale. 

Jeune femme de 25 ans pr6sentant depuls un an deux nodules r£tromame- 
lonnaires soudes* reguliers* bien mobiles, de consistance 6lastique T indolores 
& la palpation. 

TransiHumiliation : opacite accentuee a la partie centrale et s’estompant 
sur les bords. 

Mammographie : opacity bilocul^e* bomogene, k contours nets et rGguliers, 
avec lisere clair, comp let* tissu glandulatre non infiltre* mats refouie. 

Histologle : groupe de plusieurs ad&nofibromes tubuleux, confluents rGgu- 
li^rement encapsul&s, sans indlce histologique de malignite. 


b) Pneumo-mammographie : La technique de rinsuflation se 
fait avec des precautions apres avoir repere dans Fespace retro- 
mammaire les points a injecter. Une injection de novocaine peut 
etre faite, mais pas necessairement; le gaz contenu dans une vessie 
de football remplie de gaz carhonique est mis en relation avec une 
aiguille a injection et un systeme de robinet. Le gaz est envoye 
dans les tissus par pression douce. 
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L’insuflation doit etre arretee si une distension avec crepitation 
apparait dans les regions sous-claviculaire ou thoracique laterale. 
Elle doit etre alors recommencee dans une autre region a quel- 
ques centimetres en-dehors du mamelon. La dimension du sein 
peut atteindre un volume double ou triple du volume primitif, 
mais nous sommes toujours restes au-dessous de ces limites. La 
resorption du gaz etant tres rapide, les cliches doivent etre pris 
immediatement apres l’insuflation. La distension du sein regresse 
rapidement, quelques minutes apres l’injection du gaz carbonique. 



Fig. 16. — M&me malade, radiographie de contact le syndrome radiolo- 
gique de tumeur bSnigne se oonfirme nettement. 

c) Opacification de$ caviiis kysiiques. — Lorsque Texamen 
clinique ou radiologique simple suspecte une formation kystique, 
qui ne s’est pas manifestee par un ecoulement mamelonnaire, une 
ponction peut etre pratiquee (precisee si c’est necessaire par la 
radiographie), ensuite l’air ou tout autre produit de contraste est 
injecte. 

III.. — Stereographies. 

Le deplacement de l’ampoule peut se faire si le malade est en 
position debout, horizontalement, et verticalement si le malade 
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est couche, parallelement a l’axe du corps. Il.faut disposer d’un 
tiroir special ou d’un pupitre utilise par Ledoux-Lebard. Cette 
technique apporte evidemment des renseignements sur les nom- 
breux entrecroisements et les nombreuss superpositions des trai¬ 
nees opaques. 



Fig. 17. (420/51.) — Petit ganglion banal de la gouttiere pec tor ale du 
creux axillalre. 

Clinique : malade de 48 ans, petit nodule dur, bien mobile, solidaire avec 
la masse glandulaire, sans adherence au plan cutane, nx au plan profond au 
niveau du quadrant supero-externe du sein droit. 

Sur le bord externe du grand pectoral, petit ganglion de 1 cm. de diametre, 
£lastique et mobile. 

Transillumination : glande mammaire parfaitement translucide avec petite 
ombre arrondie, asses bien limitee a la base du quadrant supero-externe. 

Mammographie ; opacity arrondie de volume egale au volume tactile a 
contours nets et reguliers, sans infiltration des tissus voisins, done syndrome 
radiologlque de formation benigne. 

Histologie ; apres Halsted ; Mastose chronique sclero-kystlque, tres 
etendue et tres sclereuse; les ganglions lymphatiques examines, aucun ne 
montrait de neoplasme ». 


Anatomic radiologlque normals. 

La mamelle au cours de la vie subit des transformations nom- 
breuses et profondes : puberte, menstruation, grossesse, lactation, 
menopause. 
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Sur le cliche le mamelon est quelquefois visible, selon la pene¬ 
tration du rayonnement, de meme la peau, surtout si une cer- 
taine epaisseur est prise tangentiellement ou bien lorsque un 
cedeme l’infiltre, s’individualise nettement. La glande se presente 
sous forme de trainees opaques d’aspect nuageux. La disposition 



Fig. 18, (125/51.) —- Cicatrice de furoncle. 

Clinique : petite induration de ia taiUe d'u n grain de cafe au niveau du 
quadrant infero-interne du sein gauche, qui est le reliquat d’un furoncle 
datant de deux mo is. 

Mammographie ; image etoil£e P cicatricielle de sclerose post-inflammatoire. 

el la proportion des plages claires et opaques, l’aspect reticulaire, 
sont soumis aux multiples variations individuelles, il est cepen- 
dant possible de distinguer avec Lockwood quatre zones a etudier, 
toujours discernables sur les radiogrammes : 
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i° la zone cutanee comprenant le mamelon, raureole et la 
peau; 




Fig. 19. (2341*51). — Epithelioma glandulaire. 

Clinique : femme de 47 ans, sans enfant. Remarque en 1949 un empate- 
ment du quadrant super o-externe du sein droit de 2 cm. de diametre* mobile 
et non douloureux. Malade normalement regime ; 28/3-4. En novembre 1950. 
augmentation de la taille de Tempatement coincidant avec des irregularit£s 
menstruelles. 

Inspection ; les deux seins sont moyennement developpes* d'aspect normal; 
sein droit : petite voassure discrete au niveau du quadrant super o-externe, 
mamelon non retracte, pas de peau d'orange, rneme aux manoeuvres de 
contraction des pectoraux. 

Palpation : sein droit : glande granuleuse au niveau du quadrant interne 
a la base du quadrant supero-externe on palpe un emp^tement de 3 cm. de 
diametre et de 2 cm. d'epaisseur, lisse, polycyclique, faisant corps avec la 
glande mammaire, de consistance rent ten te t pas d "infiltration des plans pro- 
fonds ni des plans cutanes, cliniquement ; d"un foyer de mastite chronique 
s cier o-it y sti que. 

Transillumination : ombre floue au niveau du quadrant super o-externe du 
sein droit. 

Mammographie : sein droit : trame normale, finement reticulee au niveau 
des quadrants internes, epaissie et irreguliere au niveau des quadrants 
externes, ou Ton note Texistence d’une image etoilee avec spicules irradiantes 
et une retraction localisee du tissu glandulaire a la Peripherie externe, 

Le volume radlologique est nettement inferi eur au volume clinique. 

2 0 la couche adipeuse peri-mammaire claire traversee par les 
ligaments de suspension opaques, diriges vers la peau; 
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3 0 la zone glandulaire est projetee sous formes d’opacites floues, 
de forme generalement triangulaire, a sommet mamelonnaire, 
dont les cotes sont quelquefois bien limites et dont la base est tou- 
jours imprecise. Sur ces opadtes etalees se projette le reticulum 
des cloisons fibreuses limitant les lobules ou les ligaments suspen- 
seurs {triangle strie de Seabold). 

4 0 la zone retro-mammaire tres nette et reguliere surtout sur le 
cliche de profil oil elle se traduit par une limite claire situee 
devant le muscle pectoral (Ledoux-Lebard) (fig. 5). 

Dans la region areolaire se distinguent quelquefois des opacites 
tubuliformes correspondant aux galactophores surtout si ceux-ci 
sont dilates. Enfin quelques veines superficielles a direction et a 
contours multiples, variables s'individualisent sur le cliche. 



Fig. 20. — Meme malade, La radiographie de contact confirms 1'Image de 
la radiographie standard et per met de fa Ire le diagnostic de tumeur mall gne. 

Histologie : biopsle par ponction a la foreuse : « Petits fragments dont 
quelques-uns montrent la diffusion d’un epithelioma glandulaire parvL 
alv&olaire, qui donne 1 Impression d'etre voisin de la mastite carcinomateuse a 
(Prof. Gzry.J 


Au cours du cycle mens true I la glande mammaire presente un 
maximum d’hyperplasie glandulaire autour des regies, ce qui se 
traduit a ce moment-la par une opacite plus marquee et surtout 
un aspect nuageux ou se superpose Fimage reticulaire. Au con- 
traire a mi-chemin des regies au moment ou le tissu glandulaire 
est le plus reduit, Faspect strie est plus net; e'est done a ce moment 
la que la radiographie peut presenter les details les plus nom- 
breux. Au cours de la grossesse Felement glandulaire se developpe, 
occupe toute la mamelle, celle-ci augmente de volume : Faspect 
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brumeux, homogene des images augmente jusqu’a la lactation. 
Apres le sevrage la regression se fait progressivement, lentement. 
Au cours de la menopause le tissu fibro-adipeux envahi peu a peu 
les formations glandulaires : l’aspect strie est bien visible. Meme 
si les seins sont volumineux la graisse est un excellent milieu de 
contraste pour la radiographie du sein. Les formations patholo- 
giques se projettent toujours mieux sur les plages fibro-adipeuses 



Fig, 21, (1805/51.) — Epithelioma glandulaire. 

Clinique ; Femme de 36 ans, ressent deux mois avant rexamen des dou- 
leurs au niveau du sein droit et constate Inexistence d'un nodule intra- 
mammaire. Regies normal es : 28/3, 

Inspection : mamelon droit non retracte, mais oriente vers le quadrant 
inf Gro-ext erne, il mo litre du doigt la zone tumorale, la contraction des 
muscles pectoraux accentue 1 'orientation du mamelon sans faire apparaitre 
de peau d’orange. La circulation veineuse superficielle est augments a droite. 

Palpation 1 : le mamelon ne se deplisse pas completement et ron n’arrive 
pas a rMuire ^orientation anormale* Dans le quadrant infero-externe* on 
palpe une masse irreguliere, dure, renitente de la taille d’une petite man¬ 
darine, elle est lisse et nlnfiltre ni la peau ni les plans prof ends. Par 
contra sur le bord interne de la tumeur, il existe de petites trainees infil- 
trantes dirigees vers le mamelon. Douleurs a la palpation. Cliniquement, 
diagnostic difficile de mastite chronique sclero-kystique avec suspicion de 
degenerescence mallgne, Pas de ganglions de type neoplasique. 

Transillumination du sein droit : 16gere diminution de la transparence 
dans les quadrants externes. 

Mammographie : Opacity arrondie centrale avec de nombreuses spicules 
infiltrantes au niveau des pdles posterieurs et anterieurs. Le tissu glandulaire 
est nettement retracts, Le volume radiologique est InfGrieur au volume tactile. 

En conclusion* on pose le diagnostic de tumeur maligne. 

Histologie : « Epithelioma glandulaire typique a petites cellules glanduli- 
formes (Prof, Gery.) 

que sur les plages glandulaires. (Nous avons pratique quelques 
cliches de gynecomastie soit spontanee, soit apres injection d’hor- 
moncs femelles : les images n’ont rien de caracteristique.) 
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Quant aux galactophores normaux injectes, ils presenters 
l’image caracteristique d’arbre effeuille dont les extremites sont 
renflees (acini) (fig. 34). 

Semeiologie radiologique. 

Pour simplifier et pour eviter des redites, nous n’envisagerons 
pas les differents caracteres que peuvent presenter les affections 



Fig, 22 t (2200/50,) — Mastite chronique scl£ro-kystique deg£ner§e. 

1) Noyau tumoral central avec petites calcifications ponctiformes, 

2) Tissu glahdulaire infiltre et retracte. 

Clinique : Femme de 52 ans, qui presente une masse plus ou mo ins 
motasse, irregutiere, prenant toute la glande mammaire. A la palpation, on 
individualise dans la masse, qui prend grossierement toute la glande mam¬ 
ma ire un noyau central* dun irr£gulier p de la taille d'une prune, bien 
mobile avec la glande mammaire. Fas do ganglions axillaire ni sus-clavlculaire. 

Transillumination ; opacity centrale, irreguliere. 

Mammographie : on n’individualise pas de tumeur proprement dite, mals 
toute la glande mammaire semble infiltree et r^tractee. Elle n'occupe plus 
qu'un tiers du volume par rapport a la glande normale de Tautre seim A 
la partie centrale, il existe cependant une opacite plus importante, non 
homogene, avec trainees infiltrantes. De plus une dizaine de petites calci¬ 
fications punctiformes se repartissent dans le noyau central. En conclusion, 
ropacity centrale non homogene, la retraction, les ( calcifications poncti- 
formes orientent vers une tumeur maligne. 

Hlstologie : tt Mastite chronique occupant toute la glande avec un gros 
noyau epitheliomateux central et une lymphangite cancereuse responsable 
de la retraction accentu£e de la glande », (Prof. Gery.} 
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Fig. 23. (1858/51.) — Tumeur canc&reuse avec innombrables calcifications 
poncti formes. 

Clinique : Femme de 57 ans. 

Inspection : le diagnostic Clinique est evident avec ebauche de peau 
d'orange, tumeur partiellement fix£e aux plans profonds. Marne Ion fixe, mais 
non inverse. 

Palpation : la tumeur prend les deux quadrants exteraes, d£borde sur les 
deux quadrants Internes, elle est dure, infiltre la peau* surtout dans la 
region arGolaire externe. Peau d'orange k la contraction des muscles pectoraux. 

Tran si Uumi nation : op a cite des quadrants ext ernes a bords flous et irre- 
gullers. 

Mammographie ; masse tumorale irreguliere, infiltrante avec spicules se 
dirigeant vers les plans cutanes, mais dont le volume radiologique est nette- 
ment inferieur au volume tactile; retraction des tissus glandulaires, d’innom- 
brables calcifications ponctiformes sont visibles dans tout le noyau tumoral. 



Fig. 24. — M&me malade. Radiographic de contact avec cone retr 6 ci met- 
tant en Evidence les innombrables calcifications en grain de sel de type 
malin dans le noyau tumoral. 
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de la mamelle. Mais nous chercherons a resoudre le probleme qui 
se presence le plus frequemment, le plus difficile a resoudre queb 
quefois et toujours le plus grave : celui de la nature maligne ou 
benigne d’une induration de la glande mammaire. 

Les criteres suivants orientent vers Tune ou l’autre hypothese. 

Siege. —. Les neoformations de la peau ou du mamelon ne 
sont pas envisagees, mais quelquefois une surface induree, avec 
peau d’orange en rapport avec une affection inflammatoire cuta- 
nee peut egarer le diagnostic; la maladie de Paget ou l’epithelioma 
du mamelon ne sont pas etudies. 



Pig. 25. —■ Meme malade. Microphoto de la preparation histologique. 
Epithelioma glandulaire gEnEralement typique dont un certain nombre de 
grands alveoles epitheliomateux devenant alors en general atypique montrent 
une calcification Etc n due du foyer necrotlque central. L’impregnation de 
sels de chaux par alt Etre importance et le foyer necrotlque est frequemment 
transforme en nappes calcaires denses et homogenes. 

A cote des calcifications centrees par les alveoles caneereux, il est possible 
d'en trouver egalement qui sont localises entitlement dans le tissu con^ 
jonctif. On a rimpression qu’ii s + agit dans ces cas d'anciens noyaux 
Epitheliomateux completement nEcrosEs dont 11 ne subsists plus que le foyer 
dEgenEratif momifie. (Prof, agrege Fruhlikg.) 

Quant a la topographic de la tumeur a I’interieur dc la mamelle, 
son role n’intervient que dans la technique, pour hien individual 
User les images. Par exemple le petit nodule situe contre le gril 
costal a la par tie superieure, ou dans le prolongement axillaire 
(fig. n° 17); les incidences, les localisateurs sont adaptes a cette 
topographic, mais celle-ci ne joue aucun role dans les caracteres 
radiologiques de la m align ite ou de la bcnignite. 
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Fig. 26. (2381/61.) — Tumeur mammaire form6e de deux noyaux. l'un 
squirrheux, I’autre encephaloide. 

Clinique : Femme de 38 ans, sans enfant, qul ne remarque que 15 jours 
avant I’examen une induration suspecte du quadrant supero-externe du sein 
gauche* 

Regies prolongGes : 28/6 avec douleurs et congestion pr^menstruelle des 
glandes mammal res. 

Inspection ; les deux seins sont symetriques, cependant le sein gauche 
parait plus lourd et le mamelon, non retracte* est abaiss6 d’un cm. par 
rapport au mamelon droit. Nette predominance de la circulation veineuse 
du sein gauche. 

Palpation : empatement diffus, dur, irregulier, faisant corps avec la glande 
mammaire et prenant tout le quadrant supero-externe du sein gauche; la 
contraction des pectoraux fait apparaitre une voussure d’une dizaine de cm 
de diametre au niveau de ce quadrant, mais pas de pe^u d’orange et masse 
bien mobile sur les plans profonds. La masse est douloureuse h la palpation 
et d’une durete ligneuse de 8 cm. de diametre. Ganglion mou dans le creux 
axillaire gauche* 

Diagnostic Clinique : incertain. 

TransiUumination : transparence nettement diminuee au niveau du qua^ 
drant supGro-externe, ombre floue a limite imprecise. 

Mammographie : masse opaque, non homogene de 4 cm. de diametre et 
visible dans les quadrants externes du sein. Ses limites sont floues et irre- 
guLieres, surtout dans les parties poster feures, de plus & la Peripherie, il 
exists quelques spicules se dirigeant vers la peau sans 1'atteindre. Retraction 
du reiiquat glandulatre sur les bords internes, ou Ton note Texistence d'un 
foyer squirrheux avec de nombreuses calcifications punctiformes* L’espace 
clair retro-mammaire est partiellement interrompu. Une image claire arrondie 
est visible au milieu de ropacite tumorale, elle est vraisemblablement en 
rapport avec llot graisseux englobe dans la masse tumorale en Evolution. 

Conclusion : tumeur mallgne des quadrants externes du sein, se develop- 
pant jusqu’au pectoral et infiltrant les deux tiers de la glande environ. 

Schema de la figure 26 : 

1) Noyau tumoral encGphaloide. 3) Calcifications puntiformes. 

2) Noyau squirrheux* 4) I lot graisseux. 
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Forme . — L’anatomie macroscopique oriente, a priori, vers la 
difference d'aspect des formations benignes et des processus 
malins. Les premiers auront une forme general e arrondie par 
exemple un ganglion : le fibroadenome (fig. 15) ou la tumeur 



Fig. 27, — Meme malade, Radiographie de contact & c5ne retreci centre 
sur les calcifications punctiformes. 



Fig. 28. —- Coupe de la piece operatoire mettant en Evidence les calcifi¬ 
cations de type malin et Pilot pcraisseux Indus dans la tumeur. 

phyllode (fig. 14); forme ovalaire, (le grand axe etant dirige sui- 
vant la plus grande epaisseur en ce point) pour le kyste solidaire 
(fig. 9); mais 1’aspect lobule peut se rencontrer. 
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La mastite sclero-kystique, si les kystes sont assez volumineux, 
sc traduit par des images arrondies (fig. 7 et 8, fig. 10 et 11). 

Au. contraire les seconds, s’ils sont de type squirrheux, infil- 
trant, enverront des « pattes de crabe » ou de fins tractus dans 
toutes les directions (fig. 19 et 20, fig. 30 et 31), d’oii une forme 
generate etoilee dont les prolongements sont plus ou moins greles; 
la forme encephaloide souvent associee a la precedente a une forme 
quelconque, mais sans spicules. 

Volume. — Le volume absolu apprecie sur le cliche n’a aucune 
signification, tandis que la comparaison de ce volume radiologique 
au volume clinique juge par la palpation donne un renseignement 
facile a obtenir et precieux. 



Fig. 29, — Microphoto de la preparation histologiQue. 

II s'agit cTun SplthGlioma glandulalre atypique encephaloide envahissant 
par petits alveoles et par nombreuses lymphangites la glande mammaire. 
Dans certaines lymphangites les alveoles mammaires se d6veloppent en 
massifs plus volumineux et la necrose centrale tres acidophlle finit par 
slmpregner de sels de chaux violaces. Les foyers de calcification paraissent 
constitues par la juxtaposition de grumeaux de seis de chaux. (Prof, agrege 
Fruhling, ) 


Les neoplasies (non inflammatoires) benignes donnent au tou¬ 
cher du sein et a la vue de la radiographic une impression de 
volume egal : le volume radiologique = volume clinique; les tissus 
peri-tnmoraux refoules glissent sur la masse tumorale (fig* 14, 
15, 16)* Au contraire le volume de Hrnage etoilee maligne est 
speetaculairement plus petite que celle a laquelle on s’attend apres 
palpation : volume radiologique plus petit que le volume clinique; 
les tissus peri-tumoraux (glandulaire, fibro-adipeux, cutane) sont 
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infiltres et forment bloc a la palpation avec Ie centre opaque de 
It tumeur (fig. 19, 20 et 22). 

Contours, — Reguliers, nets dans Les formations benignes 
(tumeurs benignes, kystes, abces); ils sont irreguliers, imprecis dans 
les epitheliomas (fig. 7-8, io-ii, 14-15-16). 



Pig, 30, (53/52,) — Squirrhe atrophique, 

Clinique ; Malade de 57 ans, remarque depuis 1950 une retraction pro¬ 
gressive du mamelon droit et une infiltration cutanee sous-mamelonnaire 
progressive; elle signale en 1927 un traumatisme important au niveau du 
sein droit (le sein est prls dans les rouages d’une secheuse). Apres uni 
nematome et des douleurs passageres, le sein reprend un aspect normal 
et son developpement est identique a Tautre sein. 

Inspection : le sein droit est retract^ mamelon completement inverse et 
Ton note 1’existence d’une peau d'orange creusant plusieurs sillons, dont la 
retraction mamelonnaire forme la partie centrale en etoile. La contraction 
des pectoraux accentue tous les phGnomenes. 

Palpation : glande granuleuse et dans la region rGtro-mamelonnaire, masse 
irreguliere, infiitrante, fixee an mamelon et & la peau, mais bien mobile sur 
les plans profonds de 4 x 4 cm. Pas de ganglion axilialre; deux petits gan¬ 
glions plats, elastiques sus-claviculaires. 

Gliniquement il faudr&it faire le diagnostic differentiel entre une steato¬ 
ne cros e et un squirrhe atrophique. 

Transillumination : opacity irreguliere etoilee dans la region r^tro-mame- 
lonnaire, 

Mammographie ; opacite irreguliere, etoilee, non homogene, avec nom- 
breuses spicules irradlant dans le reliquat glandulaire de 2 cm. de diametre, 
volume radio plus petit. 

Histologie : dans un tissu fibro-adipeux en grande partie scl^reux, on voit 
une infiltration nGoplasique etendue progressive en profondeur, en forme de 
petttes trainees et en forme de petits boyaux situes dans les vaisseaux 
lymphatiques, Diagnostic : squirrhe etendu de la glande mammaire. (Prof, 
Keller.) 
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De plus un lisere clair peripherique fin ou large, total ou par- 
tiel entoure l’opacite tumoral e benigne (adenofibrome, phyllode, 
kyste) alors que nous ne l’avons pas rencontre {il est difficile a 
concevoir) dans les carcinomes (fig. 19, 21, 22, 23, 30). 

Opacite. — Variable suivant la nature et le volume des elements 
tumoraux et la densite des tissus environnants. Un adenofibrome 
situe au centre du tissu gland ulaire abondant, en activite chez 
une jeune femme, aura la meme opacite que le reste de la glande, 
seul le contour l’individualisera (fig. 15 et 16); au contraire une 
meme affection adenomateuse se projetant sur une plage claire, 
adipeuse formera une ombre opaque nette. De meme pour toutes 
les autres formations benignes ou malignes. Telle formation fibro- 
epitheliale volumineuse se traduira par une image pathognomo- 
nique de tumeur benigne (fig. 14), alors que les petits kystes d’un 
bloc de mastite sclero-kystique seront mal individualises; un 



Fig. 31. — Photo d'une coupe complete de la piece operatoire. 


noyau epitheliomateux pen retractile, chez une vieille femme, sera 
bien visible sur la plage claire d’involution fibro-adipeuse (fig, ai), 
tandis qu’un noyau de meme volume, chez une personne agee ? atti- 
rant fortement Tatmosphere peri-tumorale sera a peine visible au 
centre d’une ombre, non homogene, assez opaque (fig. 22'. 

Rapport avec les tissus voisins. — La representation radiologi 
que va se superposer a I’anatomie pathologique. La formation 
benigne, refoule simplement les elements peri-tumoraux sans 
modifier leur structure, et ceux-ci se moulent sur la neoplasie, 
d’oti la possibilite du lisere clair de securite : tumeurs benignes 
(fig. 14, 15, 16), kystes (fig. 7, 8, 9). Cependant un abces avec sa 
gangue inflammatoire peripherique n ? a pas de lisere clair; il se 
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projette dans un nuage homogene en rapport sans doute avec 
1’cederae qui infiltre le voisinage, meme jusqu’a la peau (fig. io- 
11-12). 



Pig. 32. (301/49.) — Clinique ; Malade de 69 ans qui pr^sente depuis 1948 
un sarcome des parties molles de l'hypochondre gauche a point de depart 
des plans profonds sous-cutanes, 

Exerese chirurglcale en f£vrier 1949 et radiothferapie post-operatoire. 

En cours des annees 1949^50-51 des localisations cervicales droites, de Thypo- 
chondre droit, de la fesse droite, des ganglions de Taisselle gauche, de la 
region cervi co-m^dias tin ale superieure, de la region inguinale droite : toutes 
ces localisations sont trait£es par radioth^rapie et la malade etait apparem- 
ment guerie jusqu^n f&vrler 1952, ou elle revient au service avec une masse 
tumorale de la taille d'une mandarine au niveau du quadrant supero-externe 
du sein gauche. Elle est bien mobile sur les plans profonds, mais fixee a Ja 
peau qui a pris une teinte rouge violacGe. 

A la palpation, la masse est dure, a limite nette, paraissant refouler les 
tissus volsins, n’infiltrant pas la glande mammaire. 

Transillumination : dans la clart 6 du champ glandulaire gauche se dGtache 
au niveau du prolongement axillaire du quadrant supero-externe une opacite 
intense k limltes floues de 5 cm, de diamGtre. 

Mam mo graphic : sein gauche ; opacite intense floue de 5 cm. de diametre, 
nettement limitse avec halo clair complet de tcute la tumeur, sauf dans 
sa partie externe, oil elle est fixee a la peau, les tissus volsins sont refoul^s, 
la frame glandulaire est par ailleurs finement reticulee d^aspect normal, A 
4 cm. du bord interne de la tumeur, il existe deux petltes opacitis arrondies 
floues faisant penser a deux autres localisations sarcomateuses. 

Histologic : sarcome reticulaire. (Prof, G^ky.) 

Les cancers se component differcmment a ceux du type encC' 
phaloide, infiltrant d’une fa^on irreguliere les tissus voisins (fig. 
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ig, 20) : peau (fig. 23), tissu mammaire (fig. 22) ou englobant 
par exemple un ilot de graisse (fig. 26). Les zones squirrheuses 
vont a la fois infiltrer et retracter plus ou moins : le mamelon 
(fig. 30, 31), peau (fig. 23), ce qui confirme l’inspection d’un 
mamelon devie et retracte vers la tumeur ou l’examen d’une peau 



Pig. 33. (1784/51.) — Dilatation d’un systeme galactophorique. 

Clinique : Malade de 51 ans* qul remarque depuis plusieurs semaines un 
ecoulement brun&tre du mamelon du sein gauche. Sans douleurs* ni masse 
i ntr a-mam mai re. 

Inspection : les deux seins sont normalement dEveloppEs sans signe d’infil- 
tratlon neoplasique. 

Palpation : les deux glandes mammaires sont souples sans nodule suspect, 
non douloureuses, de ocnsistance granuleuse; la compression du sein gauche 
provoque un important Ecoulement d’une sErositE brunatre d’un seul canal 
gal a c top h o ri que. 

Transillummation : montre au niveau du sein gauche une ombre floue 
irreguliere, arborescente partant du mamelon a travers les deux quadrants 
externes. 

Mammographie : simple du sein gauche : trame glandulaire fortement 
Epaissie dans les quadrants externes. 

Injection du canal suintant : enorme dilatation du systeme galactopho- 
rique injects. 


capitonnee, peau d’orange; mais les retractions importantes (fig. 
22) ou discretes (fig. 19, 20) de l’atmosphere fibro-adipeuse ou 
glandulaire, de Fatmosphere per i-tu morale, non soup^onnees cli- 
niquement, doivent etre recherches attentivement et representent 
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un element precieux pour le diagnostic. Les fins tractus cance- 
reux opaques emanant du noyau tumoral et se dirigeant vers la 
peripheric cutanee ne doivent pas etre confondus avec les cretes 
conjonctives ou les cloisons interlobulaires; mais celles-ci peuvent 
etre remaniees par le lit tumoral et leur individualisation peut 
devenir difficile. 

Calcifications tumorales. — Elies peuvent etre divisees en deux 
grandes varietes : les calcifications volumineuses exceptionnelles 
et les petites calcifications divisees en deux types : benin et malin, 
assez frequents : 



Fig, 34. — Meme malade; la malade revient pour controle deux mots apres 
Tinjection du canal suintant par du Diodone a 35 % t elle signale un arret 
de tout Scoulement 15 jours apres Tinjection. 

La transillumination, montre une transparence complete et uniforme des 
deux glandes mammaires. 

Mammographie simple : il n'existe plus d'opacite floue arborescente dans 
le quadrant externe du sein gauche. 

LInjection du systeme galactophorique montre une restitution pratique- 
ment ad integrum. 

1 0 Calcifications volumineuses : Elies sont exceptionnelles puis- 
que J.H. Conway n’a pu rassetnbler dans les publications au 
cours d'un siecle (1836-1936) que 31 observations. Ces importan- 
tes productions calcaires occupant en bloc une partie ou toute la 
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mamelle, voisinent sou vent avec des formations osseuses ou car- 
tilagineuses et sont classees en trois groupes : tumeurs teratoides 
mixtes du sein, les sarcomes ou carcino-sarcomes calcifiants, les 
depots calcaires dans les kystes. Cette variete n’est qu’une curiosite 
pour le radiologiste ou le chirurgien. 



Fig. 35. (461/51.) -— Image lacunaire dans un canal galactophorique dilate. 

1) Ganal galactophorique dilate* 

2 ) image lacunaire. 

Glinique : malade de 39 ans qui presente depuis deux ans un ecoulement 
citrin du mam el on du sein gauche; douleurs et congestions premenstruelles 
des gland es mammal res. 

Le sein gauche est souple a la palpation, granuleux, surtout dans les qua- 
drants externes, les granulations sont de la taille d*un grain de viz a un 
grain de cafe, mais on n’individualise pas de masse tumorale. La compression 
de la giande mammaire au niveau du quadrant supero-externe provoque un 
ecoulement galactophorique, citrin, tres abondant; l^coulement se produit 
par un seul canal. 

La transitlumination montre une petite ombre iloue dans la region juxta- 
areolaire externe. 

La mammograptiie simple ne montre pas d T opacit§ anormale de la giande 
mammaire. 

L'injection du canal par centre rGvele une ^norme dilatation du systems 
galactophorique opacifIG avec une image lacunaire, reguliere, arrondie, lais- 
sant passer sur son bord interne un mince filet de Diodone qui opacifie une 
partie du systems galactophorique situ£e en amont et egalement dilat£e. 
Cette image lacunaire correspond vraisemblablement a un petit adenome ou 
p ap i 1 lome 1 ntra-can all c u lai re * 
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2 0 Petites calcifications , — Elies sont caracterisees par leur 
nature calcaire pure sans productions osseuses, par leurs faibles 
dimensions; par leur multiplicite. Elies se divisent en deux 
groupes : 

a) Calcifications du type beniri : Leur diametre est de Ford re 
du millimetre au moins, bien arrondie, facilement reconnaissables 
en nombre tres limite. Nous les avons rencontre dans quelques 
glandes d’apparence non pathologique et dans quelques tumeurs 
benignes, siegeant a la peripherie, non groupees. Elies ne doivent 
pas etre confondues avec des images micronodulaires, projections 
de noeud vasculaire ou conjonctif au calcifications system a tisees 
a un vaisseau ou un galactophore (fig. n° 14). 

b) Calcifications du type malin : Signe de Leborgne, Ce sont 
les plus interessantes : observees en 1930 par C.M, Dominguez et 
A. Lucas, elles n’ont pas interessees les histologistes, ni les radio- 
logistes, CTest R. Leborgne qui a montre tout Tinteret diagnostic 
de ces calcifications punctiformes dans le cancer du sein. 

De dimensions ponctuelles (fig, 23, 24, 26, 27, 28), leur nombre 
est eleve, d’une dizaine a plus de mille, Elies sont groupees so;t 
au sein de la tumeur visible ou palpable (fig. n° 23) soit en hor- 
dure (fig. 26), soit meme en dehors de la masse clinique ou radio- 
logique. 

Ignorees en general des anato mo-pathologist es, passant inaper- 
^ues si la radiographie est faite avec un grand localisateur ou si 
le sein est volumineux ou ferine, ressemblannt a des artefacts 
apres examen rapide ou fait dans de mauvaises conditions, elles 
doivent etre recherchees avec beaucoup de soins. 

Apres les avoir mis en doute les premiers mois de nos investi¬ 
gations, les avoir ensuite decouverts par hasard et verifiees; nous 
les trouvons assez souvent maintenant que nous les recherchons 
systematiquement et attentivement. 

Nous explorons la glande mammaire par deux champs avec 
localisateurs etroits pour reduire la diffusion, et prenons chaque 
fois deux cliches avec des temps dc pose legcrement different® 
pour obtenir le meilleur contraste. Avec une certaine experience 
les calcifications punctiformes sont soup^onnees sur les cliches 
standards, de tout le sein, en incidence cranio-caudale et le petit 
localisateur est centre sur la region suspecte pour les confirmer 
ou non. 

U examen des images doit etre minutieux- fait dans les condi¬ 
tions deja indiquees; ces « grains de sel » sont alors bien recon- 
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naissables (fig. 24 et 27). Enfin la piece operatoire est coupee en 
tranche de 1/2 centimetre. Celles-ci sent radiographiees; les images 
sont alors fort demonstratives (fig. 28) et la coupe histologique 
faite dans la region confirme la presence de ces points calcaires 
dans les foyers de necrose (fig. microphotographiques 25 et 29). 

L’examen microscopique de ces calcifications montre que leur 
forme est tres variable. 

Nous resumons dans le tableau les differents criteres radiologi* 
ques de benignite et de malignite qui semblent etre les plus fre- 
quemment observees (Tableau II). 

Pour mettre en evidence les differentes images que nous signa- 
lons, il faut non seulement une technique rigoureuse, mais I’etude 
tres attentive de tous les cliches. 

Limites de la Mammographie. 

Le cas le plus interessant est celui de la consultante presentant 
un noyau intra-mammaire dont on doit preciser la nature benigne 
ou maligne. Dans le tableau precedant nous avons donne un 
schema du syndrome radiologique de la benignite et de la mali¬ 
gnite. Mais toute investigation radiologique a des limites; l’inter- 
pretation du cliche fait obligatoirement a la lumiere de 1’examen 
clinique n’apporte qu’une probability, plus ou moins grande sans 
doute, mais la certitude exige un examen microscopique. 

1 0 Limites dans I’obtention de la radio graphic significative. — 
Quelquefois la prise du cliche est impossible, soit parce que le sein 
est aplasique, soit parce que les lesions collent le sein contre le gril 
costal, tel un squirrhe en cuirasse par exemple, mais en general 
1’examen clinique est facile dans ces cas la; alors que les seins 
volumineux au contraire, tres adipeux, qui sont difficiles a palper, 
donnent d’excellents cliches, la graisse etant tres transparente aux 
rayons X tout comme les lobules pulmonaires. Cependant, quelque¬ 
fois merae avec une technique rationnelle, les contrastes sont insuf- 
fisants, par exemple dans les mamelles volumineuses infiltrees au 
cours d’une mastite carcinomateuse, le dessin aura disparu si le 
sein est occupe en bloc par une masse homogene cancereuse. 
Enfin, le silence pre-radiologique existe pour toutes les maladies 
dans tous les organes : les lesions ont un volume trop petit ou 
prennent d’emblee une forme diffuse sans signe d’accompagne- 
ment; tres petit nodule, ou epithelioma au debut s’etendant en 
patte d’araignee sans retraction bien nette. 
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2°) Limite dans Vinterpretation du cliche. — L’ampoule a 
rayons X ne voit pas les cellules cancereuses, ne voit pas les bacil- 
les de Koch, et par consequent le diagnostic radiologique n’est 
qu’un diagnostic de probability en particular le tableau que nous 
avons donne est destine a orienter ce diagnostic. Une meme image 
pent etre la traduction de maladies differentes, par exemple un 
nodule epitheliomateux squirrheux, un processus inflammatoire 
ancien, un processus steato-necrotique pourront donner des memes 
images en etoile comme quelquefois les memes signes cliniques. 
Inversement une meme maladie peut avoir des traductions radio- 
logiques diverses; par exemple certains cancers apparaitront sur 
le cliche sous une image opaque etoilee, ou sous les seuls signes 
de retractions de voisinage, ou se trahiront par de simples calci¬ 
fications miliaires, ou meme par un nodule arrondi (fig. 32). Done 
sur un cliche mammaire presentant des anomalies, notre interpre¬ 
tation risque d’etre incertaine ou erronnee, comme pour tout 
radiodiagnostic; mais une technique parfaite, une lecture minu- 
tieuse des cliches, une meilleure connaissance des confrontations 
anatomiques ajoutees a un examen clinique attentif, une transillu¬ 
mination systematique, reduiront les hesitations et les erreurs. 

Le radiologiste doit lui-meme pratiquer un examen clinique 
attentif et complet, comme il doit lui-meme prendre tous les cli¬ 
ches : son interpretation des images sera alors rationnelle. Les 
sequelles d’un traumatisme, revolution d’un abces chronique 
banal, s’accompagnent quelquefois d’images cliniques et radiolo- 
giques simulant un nodule cancereux retractile, alors que 1’inter- 
rogatoire leve l’hesitation. 

L’inspection du mamelon en revelant des croutelles, des traces 
d’ecoulement, orientera vers la necessite d’une galactophotogra- 
phie; surtout si les autres examens sont negatifs, le massage du 
mamelon doit toujours etre fait. La palpation est indispensable, 
aussi bien pour preciser les incidences et les conditions de la prise 
du cliche, que pour apprecier le volume tactile clinique permet- 
tant ensuite une comparaison avec le volume « radiologique ». 

Enfin nous pratiquons systematiquement la transillumination. 
Si son renseignement est rarement utile, l’analyse moins fouillee, 
elle peut dans certains cas aider a la conclusion finale. L’absorp- 
tion des rayons X et des radiations lumineuses est delicate. Pour 
les corps organiques a volume et epaisseur egale, 1’absorption des 
rayons X depend uniquement des atomes, tandis que Tabsorption 
de la lumiere depend de la molecule, elle, responsable de la cou- 
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leur. Un kyste hematique est peu opaque aux rayons X, alors 
qu’il apparaiitra tres noir a la transillumination sur toute la plage 
orangee du sein. 

Nous avons pratique aussi a titre documentaire la photographic 
infra-rouge des veines superficielles du thorax comme l’a prati¬ 
que Massopust. Mais les dessins veineux tres variables ne nous 
paraissent pas apporter un complement d’investigation original et 
nous l’avons abandonne actuellement. 

Lorsque le syndrome radio-clinique est douteux, nous prati- 
quons nous-meme alors une biopsie. Cette biopsie est faite par 
ponction apres introduction d’un trocart anime d’un mouvement 
rotatoire rapide, et d’aspiration a la seringue. Les boudins retires 
dont les dimensions ont de 2 mm de diametre et quelques centi¬ 
metres de longueur, sont suffisants pour faire un examen micro- 
scopique. De plus la region biopsiee est precisee par radiographie, 
afin que le prelevement porte sur la zone vraiment suspecte. II 
arrive en effet qu’un tres petit nodule de type squirrheux provo- 
que une retraction telle que la masse tumorale parait volumineuse, 
alors que le nodule epitheliomateux est assez reduit; la palpation 
seule oriente mal la biopsie. Dans un cas la palpation ne revelait 
qu’une masse volumineuse arrondie, alors que le cliche mettait 
en evidence deux nodules etoiles, retractiles, separees par une zone 
d’apparence normale, non neoplasique qui aurait ete biopsiee sans 
doute, car cette zone etait cliniquement la partie centrale de la 
tumeur. 


Les indications. 

Elies decoulent logiquement de ce qui vient d’etre dit. Si la 
patiente se presente avec un sein volumineux, des bourgeons neo- 
plasiques ulcerant la peau, des adenopathies le long de la chaine 
axillaire ou sus-claviculaire, la radiographie n’a plus d’interer. 
Mais en dehors des cas ou le diagnostic est vraiment evident, 
cancer tres avance, ou abces simple au cours de la lactation, Fex- 
ploration rendra dans tous les autres cas, des services divers appor- 
tant toujours quelques renseignements complementaires a l’inves- 
tigation clinique seule. 

1 0 Depister une lesion : 

La recherche d’un noyau tumoral dans un sein apparemment 
libre, a la palpation et l’inspection, de toute lesion, sera interes- 
sante dans plusieurs cas. 
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a) Exploration du sein restant : Nous savons en effet que celui-ci, 
assez souvent, 2 % environ des cas, est le siege d’un processus 
tumoral, lorsque l’autre sein a lm-meme deja ete atteint de 
cancer; 

b) Une adenopathie axillaire d’un epithelioma glandulaire, est 
quelquefois d’apparence primitive, dans ce cas la radiographie 
peut devoiler la tumeur restee muette a la palpation ou ne rien 
reveler. De meme toute metastase exige une investigation mam¬ 
maire; 

c) Les ecoulements mamelonnaires peuvent ne pas avoir de tra¬ 
duction clinicjue, seule l’injection des galactophores montre 
soit la dilatation (fige 34) de ces canaux, soit la neoformation 
intracanaliculaire (fig. 36), de meme toute anomahe acquise 
du mamelon, sans signe clinique de tumeur (fig. 6); 

d) Dans un centre de depistage des tumeurs, un tel examen nous 
parait indispensable* La radiographie a la faveur et la com 
fiance du public, et rien ne doit etre neglige dans le diagnostic 
precoce des cancers, en particulier du sein, condition neces- 
saire si non suffisante d’une therapeutique efficace. Si des 
consultantes, inquietes parce qu’elles ont « senti » quelque 
chose d’anormal dans leur sein, ou parce que dans leur famille 
il y a des cancereuses, sont amenees par la vole de la radiolo- 
gie, il faut s’en rejouir; 

e) Enfin chez certaines cancerophobes, Fanalyse aux R*X. com- 
pletant un examen negatif, rassure la malade : notre tranqui- 
lite a souvent ete assuree par ce moyen*.* 

2 0 Preciser la nature des lesions * 

Le cancer demine la pathologic de la mamelle, et e’est toujours 
en face d’un tel diagnostic, que se discutent routes les autres 
hypotheses* Or si les cancers avances ont un diagnostic clinique 
facile et sur; le diagnostic precoce, la mise en evidence d’line 
tumeur maligne, au debut, comme nous serons appeles a la voir de 
plus en plus, ne peut pas etre faite par la clinique seule et Fexplo- 
ration biopsique n’est pas toujours une technique systematique et 
parfaite. 

Le diagnostic d’un cancer incipiens, le seul qui soit vraiment 
interessant pour la therapeutique, est souvent impossible a faire a 
la palpation ou I’inspection seule* L'experience montre que l’exa- 
men clinique le plus minutieux engendre des erreurs dans les 
deux sens, tantot un nodule est pris pour un cancer, alors qu’il est 
de nature benigne, meme si ce nodule parait dur (fig* 14), meme 
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s’il retracte la peau (fig. 18} ou deforme le mamelon et meme s’il 
est accompagne d’adenopathies axillaires. Inversement une tumeur 
intra-mammaire paraissant molle (fig. 22), bien limitee (fig. 26) 
sans peau d’orange (fig. 21), sans retraction du mamelon (fig. 19, 
21, 26), sans atteinte de l’etat general, peut etre de nature cance- 
reuse. Nous ne connaissons pas de signe clinique pathognomoni- 
que pour affirmer ou suspecter un cancer de la mamelle au debut; 
surtout si cette 'namelle est volumineuse ou assez ferme : les 
defaillances de la clinique a ce stade sont classiques. Inutile de 
dire que la conclusion doit toujours etre une synthese radio-clini- 
que .Sans doute un prelevement peut etre fait, dont l’examen 
microscopique permettrait un diagnostic certain. Mais cette biop- 
sie presente quelques servitudes : La malade, surtout lorsqu’elle 
est jeune et en parfaite sante ne se soumet pas toujours volontiers 
a une biopsie ouverte, chirurgicale; n’en comprenant pas la neces¬ 
sity, redoutant une cicatrice inesthetique et oertaines malades que 
nous avions jadis confiees a un chirurgien dans ce but, ne se sont 
pas presentees, immediatement. 

La maladie cancereuse, si elle ne re<;oit pas un coup de fouet ni 
une poussee d’essaimage, apres un prelevement sum immediate¬ 
ment d’une exerese ou apres une ponction-biopsie, peut exception- 
nellement sans doute etre agravee si l’investigation chirurgicale 
est separee de l’acte therapeutique de quelques jours. 

Le medecin peut prelever dans le voisinage du petit nodule 
cancereux; l’anatomo-pathologiste peut n’avoir qu’un tissu insuf- 
fisant. 

Les ponctions biopsies, guidees par la radiographie, echappent 
a ces critiques et nous ont donne jusqu’a maintenant des resultats 
microscopiques exacts. 

3 0 ) Morphologie, Topographic des lesions. 

Si la presence de calcifications miliaires oriente vers une variete 
d’epitheliomas, les images n’ont pas de correspondance histo- 
pathologique. Mais les renseignements macroscopiques ne sont 
pas negligeables. L’etendue et le siege des lesions sont mieux appre- 
cies; la ligne claire devant le pectoral pourra etre legerement enva- 
hie; les calcifications eloignees de la tumeur clinique, montrent 
que le processus est diffus; un noyau squirrheux retractant 1’at¬ 
mosphere glandulo-adipeuse fait croire a l’envahissement com- 
plet de la glande, alors que le cancer est de petite dimension. 
L’infiltration neoplasique vers certaines zones est mise en evi¬ 
dence. Certains epitheliomas sont squirrheux, infiltrant sur un 
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cote et encephaloide de l’autre cote (fig. 26). En resume, le cliche 
est l’homologue de l’examen macroscopique de la piece operatoire. 

4 0 Indication therapeutiuqe. 

II semble que le polymorphisme du cancer du sein, polymor- 
phisme clinique, radiologique, histologique doive entrainer des 
therapeutiques nombreuses et variees, aussi bien dans l’indication 
que dans la conduite et le choix du traitement. Or les nuances ana- 
tomo-cliniques n’ont pas en general de repercussion sur la thera- 
peutique. Certains preconisent systematiquement le Halsted, asso- 
cie ou non a la radiotherapie, pre- ou post-operatpire, d’autres envi- 
sagent systematiquement une mamectomie avec de la radiothera¬ 
pie des glanglions, d’autres sont partisans de la curiepuncture ou 
de la roentgentherapie et dans certains cas enfin un traitement 
medical peut s’imposer. II est difficile de se faire une opinion 
exacte sur les avantages de ces differentes techniques, mais notre 
but est de les adapter a chaque cas plutot que d’envisager un 
mode systematique de traitement quel que soit la maladie de la 
malade. Peut-etre 1 ’image radiologique par les renseignements sur 
la forme macroscopique, sur le siege exact, sur 1’infiltration peri- 
tumorale, apportera dans certains cas, une information supple- 
mentaire pour choisir la modalite de therapeutique. Par exemple 
un aspect nodulaire cancereux, petit et bien limite, apparaissant 
chez une jeune femme en voyage de noce relevera plutot d’une 
tumorectomie suivie de radiotherapie. Au contraire une forme 
bien limitee cliniquement, mais diffuse radiologiquement (fig. 26) 
relevera d’autres therapeutiques. La curiepuncture sera aidee par 
le cliche qui precisera les limites de la tumeur. 

5 0 Surveillance et controle. 

Toute masse dans la mamelle doit etre surveillee, en particulier 
lorsque le medecin prend l’initiative et la responsabilite de traite- 
ments hormonaux plus ou moins intenses ou prolonges : adeno- 
fibrome, seins douloureux, mastite sclero-kystique ou pour d’au¬ 
tres affections intra-mammaires. De meme la roentgentherapie 
toute seule peut faire disparaitre certains cancers des seins, or les 
seins volumineux ou meme petits, qui ont ete forternent irradies, 
sont toujours, dans les premiers mois qui suivent le traitement, 
difficiles a explorer, par la palpation seule. Une infiltration fibro- 
oedemateuse rend impossible une exploration complete de ce sein 
post-radiotherapique. Alors que la radiographie donne des ren¬ 
seignements interesants. 
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6° Propagande. 

Le grand public a une grande confiance dans la radiologie qui 
sonde sans douleur les reins et les cceurs et se traduit par une 
image et non pas par une courbe ou un nombre; les femmes con- 
suiter ont plus facilement un radiologiste a la moindre anomalie 
observee, qu’un chirurgien. Or, ce qui est fondamental dans la 
lutte anti-cancereuse, c’est que les premieres consultations se fas¬ 
sent au debut de la maladie, quelque soit le specialiste consulte. 
La radiographie nous parait un bon moyen de propagande pour 
le cancer de la mamelle. 

7'' Action curative des galactophotographies au diodone. 

Un certain nombre de patientes presentaient un seul symptome: 
ecoulement non sanglant du mamelon et une seule anomalie radio- 
logique : dilatation des galactophores. Quelques semaines apres 
Finjection de diodone, Fecoulement diminuait et cessait, alors 
que le controle radiologique demontrait le retour des canaux dila¬ 
tes a un calibre normal. La plus ancienne guerison remonte a un 
an (fig. 34-35). 

Nous avons traite par cette methode 9 malades dont 7 ont pu 
etre controlees six mois apres Finjection. 3 de ces malades ont 
presente une restitution anatomo-radiologique et une guerison cli- 
nique. 4 de ces malades n’ont montre que des variations dans le 
sens de l’amelioration anatomique, mais toutes etaient gueries cli- 
niquement. 


Conclusion. 

La radiographie du sein sans preparation est minutieuse, quel- 
quefois longue; les images pourront etre peu contrastees et diffi- 
ciles a interpreter; mais cette exploration donne des renseignc- 
ments objectifs, toujours utiles, souvent indispensables. La tech¬ 
nique, comme la semeiologie iront en se perfectionnant : son inte- 
ret s’etend, comme la radiographie pulmonaire, aux differents 
problemes poses par le cancer du sein. 
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Tableau I. — Techique utilisee. 

{Examen clinique prealable detaille et tres complet .} 


Foyer (fig. 3)* 

Anode fixe 3x3 mm. (Picker). 

Folta^e : 

25 a 40 KV sulvant : ' 

i densite. 

MiZZiariperes- 
seconde : 

100 m. A .3. pour 6 centimetres d'epaisseur a 30 KV\ 

Localisateur s : 

(fig. 2} 

Longueurs : 

> 70 cm. — (tel£) : systematique, 

< 10 cm. — (au contact) si tumeur p6rlph6rique* 

Formes adapUes : 

— au sein tout entier pathologique et normal; 

— a la region suspecte. 

Incidences ; 

Cranio-caudale — sysl6matique (fig. 1). 

\ selon situation de la tumeur. 

ODliQUe 1 

Temps de pose : 

Sein normal : 1 cliche : temps de pose 
pr6vu (par ex. 4 secondes). 

pathologique : 3 cliches, avec 
meme long localisateur Que pour 
le sein normal et sur le meme film 
(24 x 30), differents entre eux 
d’une seconde, 3 sec., % 5 . 

Temps de pose airmen^ si Gtroitesse 
du localisateur, 
diminue si brievetA 

Nombre 
de cliches : 

Sein normal (pour comparaison) . 1 

Depistage, sans anomalie clinique ... ... ... 2 

Sein pathologique . ... ... 6 a 10 

Moment 
de Vexamen : 

Indifferent : rnals si images indecises le rep£ter une 
semaine apres les regies de preference; ou a un 
moment dicte par les donnees cliniques , 

Compression 
sy$t4matique : 

(Pas de grilles, ni d'ecrans renforcateurs, ni filtre.) 

Injections des 
galactophores : 

Si £coulement mammaire : diodone a 35 %. 

(Film : Kodak sans §cran : r^velateur : fixateur*) 

Examen 
du cliche : 

— Long, minutieux, attentif (a la loupe). 

— Sur un negatoscope a surface et a eclairement 

variable. 
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Tableau 2 . 

Syndrome radiologique de la benignite et de la malignite 
d f une neoplasia de la mamelle , 

(Guide schematique,) 


Tumeurs malignes 

Formations benignes (type squirrheux partiel 

(tumorales ou non), ou total). 


Forme. 


Contours, 


— arrondie, 

— ovalaire, 

— polylobee. 

— reguliers, 

— nets, 

— lisere elair, p£riph£rlque. 


— etoilee « en pattes de 

crabe », 

— radiee : spicules , 

— quelconque. 

— irr£guliers s 

— imprecis, 

— sans lisere clair. 


Volume radio¬ 
logique opaque. 


— 6gal au volume tactile. 


— tres inffcrieur au volume 
tactile. 


Opacite. 


— homogene. 


— non homogene. 


Rapports avec 
les tissue voisins. 


— non modifies, 

— refoules, 

— ligne clatre retromam- 

maire. 


— infiltrGs. 

— retractes, 

— ligne claire en value. 


Calcifications. 


— peu nombreuses, 

— non punctiformes, 

— Isoldes. 


“ tres nombreuses, 
— punctiformes, 

*— group ees. 


(G. M. GE.OS et R. SiGBrIST.) 
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Robert L. Egan (1920-2001) 


Robert Lee Egan was born on 9 May 9 1920 in Morrilton, Arkansas in the USA, a 
cotton town with a population of less than 5,000. He took his undergraduate stud¬ 
ies at the College of the Ozarks and majored in chemistry, mathematics and quali¬ 
fied as a metallurgical engineer. In 1941 he became a specialist in tools and steel. In 
1946 Robert Egan entered medical school in the first post-war class at the 
University of Pittsburgh Medical School. His internship was served at the US 
Naval Hospital in Portsmouth, Virginia. 

In the early 1950s he set up a general medical practice in Curtisville, 
Pennsylvania. He than started his residency in radiology at the Jefferson 
University Medical School in Pennsylvania and completed his residency at M.D. 
Anderson Hospital in Houston, Texas, where he became a fellow in diagnostic ra¬ 
diology. In 1956 he successfully passed his boards in radiology from the American 
Board of Radiology. He became a fellow of the American College of Radiology in 
1967. After leaving M.D. Anderson Tumor Institute, he was in private practice in 
Indianapolis, Indiana. In 1965 he joined Emory University Medical School to work 
full time in research and development of mammography. 

Robert Egan is recognized as the developer of modern mammography. His ear¬ 
ly residency training in Pennsylvania introduced him to the early work of 
Gershon-Cohen and Leborgne in breast imaging. In 1954, while at M.D. Anderson 
Hospital Tumor Institute in Houston, he started developing reliable mammo¬ 
grams. Following extensive experiments with various technical combinations he 
build up a non-filtered beam device using high current and low voltage suitable to 
the minor absorption differences of breast tissue. Multiple kinds of film material 
were also investigated. Egan used a polymer material to simulate breast tissue, 
embedding blocks of the substance with items of various density, from paper clips 
to talcum powder, and then X-raying the blocks and studying the film. M type in¬ 
dustrial film was then chosen because of its high resolution and wide gray scale. 
By i960, he had a usable system and tested it in clinical trials, showing it to be an 
acceptable and reproducible technique for early detection of breast cancer. The 
combination of different factors tested resulted in high-quality mammographic 
images. 

Robert Egan received the James Ewing/Lucy Wortham clinical research award 
in 1977, the American Cancer Society’s distinguished service award in 1975. He was 
a member of the Danish Radiological Society and the Scandinavian Association of 
Radiology and was awarded the Gold Medal of the American College of Radiology 
in 1992. 

Robert Egan died on 4 February 2001. 

Picture and information Courtesy RH Gold, MD, Dep. Radiology Science UCLA, 
2004. 
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Experience with Mammography in a Tumor Institution 

Evaluation of 1,000 Studies 1 
ROBERT L. EGAN, M D 


S oft-tissue roentgenography of the 
breast is not new. In the American 
literature, Leborgne (4) of Uruguay de¬ 
scribed the technic of examination and 
the rogentenographic appearance of var¬ 
ious mammary tumors* Warren (5) of 
the United States in 1929 reported on 119 
cases, 58 of which were malignant. Inter- 
pretative errors were made in but 8 cases, 
4 being in the malignant group. He 
stated: “In many of the cases, there was no 
unanimity of opinion in the preoperative 
clinical diagnosis. Several opinions were 
often held as to the presence of malignant 
or benign tumors in each case. The 
opinion from the roentgenogram, on the 
other hand, was often very definite and, 
most frequently, correct.' 5 Since Warren’s 
publication an occasional enthusiastic pro¬ 
ponent of this method of examination has 
appeared. However, as of the date of this 
study, no satisfactory statistical analysis of 
consecutive mammograms in patients with 
adequate follow-up has appeared in the 
Am c ri ca n 1 iter attire. 

MATERIAL 

One thousand consecutive x-ray exam¬ 
inations of the breast were performed at 
the M. D. Anderson Hospital and Tumor 
Institute in the period from May 1956 to 
May 1959. Adequate follow-up to date 
has been available on all except 2 patients. 
These were excluded from the series as 
both were examined in the terminal stage 
of malignant lymphoma, and neither biopsy 
nor autopsy was obtained. Six hundred 
and thirty-four patients were examined. 
For simplicity of presentation of results, 
each breast was considered a separate 
study* Frequently there was a lesion, 
benign or malignant, on each side, possibly 
with only I correctly diagnosed; or the 


patient may have had a previous mastec¬ 
tomy, leaving only one breast for study. 

Not all patients admitted to the Hospi¬ 
tal" s breast service were referred for mam¬ 
mography. During the three-year period 
1,253 new patients with lesions subse¬ 
quently proved by biopsy were seen at that 
clinic, and of these, 956 had malignant 
and 297 had benign lesions. Cases of 
a questionable or palpable nodule in the 
breast, an inverted nipple, or nipple dis¬ 
charge were referred for mammography* 
Occasionally breasts were normal to palpa¬ 
tion even though there was undifferentiated 
carcinoma in the axillary nodes or osseous 
lesions resembling metastatic carcinoma of 
the breast. Breasts containing clinically ob¬ 
vious carcinoma or with a known diagnosis of 
carcinoma following recent biopsy were not 
studied. The opposite breast was exam¬ 
ined when such a patient w T as referred for 
mammography, however* If the result of 
the previous biopsy was not stated on the 
request for roentgenography, both breasts 
were radiographed . 

ROENTGBNOGRAPHIC TECHNIC 

Positioning of the patient is illustrated 
in Figures 1-3* One roentgenogram of the 
axilla is obtained and two of the breast, in 
2 planes at right angles. These have re¬ 
sulted in good delineation of the quadrants, 
ease in positioning, and patient comfort 
with consequent cooperation. The entire 
breast is positioned on a pliable cardboard 
holder which may be placed to follow the 
contour of the chest wall in the oblique 
position, thus covering the smallest gland. 
“Kodak Industrial M” him is used. The 
range of technical factors is shown in Table 
I. Usually the only variable is the dis¬ 
tance necessary to include the entire breast 
on the roentgenogram. In general, 26 kv 


1 From the Department of Radiology, The University of Texas, M. D. Anderson Hospital and Tumor Institute* 
Houston, Texas, Accepted for publication in May I960. 
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Fig, 1* Positioning for the cranio-caudad view. Identification marker is kept on the axillary side of breast for 
localization of the mammary quadrant. 

Fig. 2, Oblique or lateral position. The cardboard film-holder is supported on a small wood block. 

Fig 3 + Axillary view. The central beam is centered to the apex of the axilla and also parallel to the retro¬ 
mammary space. This arm position provides maximum visualization of the axilla as it reduces the number of 
skin folds without superimposition of the scapula. Factors: 54 kv, 300 ma, 40 inches, three and a half seconds; 
in obese patients the distance is reduced to 30 in. 


Table I: Range of Technical Factors Used to 
Produce Roentgenograms op the Breast 


Age Group, Breast Type 

Technical Factors 

I. 

Menopausal, average 
consistency 

Small 



Cranio-caudad pro¬ 

300 tna» 22 kv, 30 in 


jection 

6 sec. 


Oblique projection 

Medium 

300 ma, 24 kv, 30 in., 

6 sec. 


Cranio-caudad pro¬ 

300 ma, 26 kv, 36 in., 


jection 

6 sec. 


Oblique projection 

Large 

300 ma, 28 kv, 36 in., 

6 sec. 


Cranio-caudad pro¬ 

300 ma, 26 kv, 40 in.. 


jection 

6 sec. 


Oblique projection 

300 ma, 28 kv, 40 in., 

6 sec. 

II. 

Post men opa u sa 1 

Average 2-4 kv less; 
if flabby and fiat, 5 
see. 

Ill, 

Premenopausal, 30- to 

Same as menopausal 


45-year age group 

if only residual 
glandular tissue; 2- 
4 kv added with 
firmer breasts 

IV. 

Virginal type 

Same as premeno¬ 
pausal firm breast, 
but because of usu¬ 
ally smaller size, 26 
to 30 in. covers 
breast; 32-34 kv oc¬ 
casionally required 

V. 

Dense area 

Distance reduced to 
20 to 22 in. 


for the cranio-caudad projection and 28 
kv for the oblique view, with 300 ma and 
six seconds, will suffice. The decreased dis¬ 
tance for the smaller breasts adds sufficient 
mas to penetrate the denser glands; the 
larger breasts containing more fat are less 


dense, and require less mas. Only inherent 
tube filtration is used. 

This technic has been productive of satis¬ 
factory roentgenograms in the hands of 
both student and staff technicians. Repeat 
examinations are rare. In practice 
the examination is no more difficult 
than routine chest studies and the time in¬ 
volved is comparable to that of a routine 
cervical spine study. 

Neither the large focal spot nor the long 
exposure causes appreciable loss of detail. 
Use of a single fine-grain intensifying screen 
preserves most of the detail but with the 
addition of a second fine-grain screen soft- 
tissue detail is sacrificed* This is in con¬ 
trast to the technics of higher kilvoltage, 
fast intensifying screens, and coarse-grain 
film advocated in the American literature 
(1,3)* 

At these kilovoltage ranges, true mas 
was not obtained due to electron fog at 
the tube filament. The usual diagnostic 
x-ray machine does not have compensa¬ 
tory filament voltage regulation below 40 
kv. Kilovoltage settings below 30 kv 
actually produce film characteristics more 
in keeping with the changes in mas than 
with the quality of the x-rays reaching the 
film. 

The amount of radiation to the eye, skin, 
or gonads could not be calculated; actual 
measurements had to be made. In the 
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cranio-caudad position the film-holder was 
placed over a lead shield to protect against 
possible gonadal radiation* Patient ex¬ 
posure was found to be negligible. 

The aluminum wedge may be used to 
transfer technical factors from one x-ray 
unit to another. At a distance of 36 
inches, and with employment of a cone, 
type M M” film in a cardboard holder, and 
300 ma at six seconds, the kilovoltage is 
varied until 15 mm. of aluminum is just 
faintly penetrated. This kilovoltage set¬ 
ting may then be used as the average and 
changed accordingly. 

STATISTICAL METHODS 

When it was decided to set up a technic 
for soft-tissue roentgenography of the 
breast in our department we felt we should 
be as objective as possible in the interpreta¬ 
tion of the examination and rely entirely 
upon the roentgenograms without benefit 
of history or physical findings* The re¬ 
port of each study would include the ab¬ 
sence or presence of a lesion and an opinion 
as to its benignity or malignancy* The 
diagnosis would be designated by a specific 
code symbol so that in review no confusion 
would arise as to the original conclusion* 
In such a system, there \vould be no pro¬ 
vision for indeterminate studies* The 
single most important diagnosis was 
used in tabulation of the results even 
though more than one pathologic entity 
was present in the same breast. 

All patients having mammography were 
examined in the breast clinic and most of 
them have been followed by periodic exam¬ 
inations there. A few, referred for consul¬ 
tation only, had follow-up reports from the 
referring physicians in their charts, giving 
either the final pathologic diagnosis or the 
results of periodic examinations. The 
clinical diagnosis of fibrocystic disease has 
been substantiated by aspiration of a cyst 
in many instances. Papanicolaou studies 
were routinely made on all patients with 
nipple discharge. 

The follow-up span on all patients varied 
from six months to three and a half years, 
including the 361 whose examinations were 


December 1%0 

read as negative. In none of these cases 
did breast carcinoma subsequently de¬ 
velop within the follow-up period. 

The pathologist's most recent opinion on 
the breast biopsy tissue, the radical mastec¬ 
tomy specimen, or the postmortem findings 
was used as the diagnosis in each case* In 
the absence of a biopsy, those lesions diag¬ 
nosed as benign have been considered veri¬ 
fied by typical roentgenologic and physical 
findings which have remained constant on 
follow-up examinations. 

ROENTGEN DIAGNOSIS 

The important diagnostic signs in soft- 
tis su e r oen tgen ogr aphy of th e breast 
have been lucidly described by Leborgne 
(4)* He reported calcification in malig¬ 
nant mammary neoplasms and described 
£ ‘scattering ... of innumerable punctate 
calcifications resembling fine grains of salt 
. . . . in and surrounding the nodule.' 1 

These flecks, referred to as calcifications 
from their appearance on the roentgeno¬ 
grams, do not all take calcium stains, and 
may be partly due to detritus in the tumor* 
The percentage of cases in which they were 
demonstrated was, in part, proportional to 
the quality of the roentgenogram. Cal¬ 
cium or not, their presence is practically 
pathognomonic of carcinoma, and they 
were observed in 118 of the 245 cases of 
carcinoma in our series. Coarser and 
denser types of calcification were found 
only in benign conditions such as fibro¬ 
adenoma, plasma-cell mastitis, calcifying 
cysts, or arteriosclerosis. 

The benign breast masses were homo¬ 
geneously dense, rounded or smoothly 
lobulated, and surrounded by a thin radio- 
lucent layer of fat. They pushed normal 
tissue aside and produced only local 
changes* The malignant tumors were 
denser in the center, had irregular spic- 
ulated borders, invaded nearby tissue, and 
were usually associated with some second¬ 
ary changes in the breast: localized or 
diffuse skin thickening, nipple retraction 
venous engorgement, or involvement of 
axillary nodes* Diffuse thickening of the 
skin was a reliable sign of carcinoma* 


Robert L* Egan 
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Table IX: Diagnoses in 1,000 Consecutive 
Mam mo graphic Studies as Reported and Coded 
prom May 1956 to May 1959* 

("Clinically negative” indicates breasts normal to 
palpation) 



Total 

Coded 

as 

Benign 

Coded 

as 

Nega¬ 

tive 

Coded 

as 

Malig¬ 

nant 

Clini¬ 

cally 

Nega¬ 

tive 

Malignant 

lesion 

245 

0 

7 

238 

19 

Benign 
lesion; 
biopsy 

182 

162 

0 

20 

0 

No lesion; 
biopsy 

4 

0 

4 

0 

0 

Benign 
lesion; no 
biopsy 

248 

248 

0 

0 


No lesion; 
no biopsy 

321 

0 

321 

0 

321 


* This is primarily a statistical review. Since preser¬ 
vation of adequate detail is difficult, no reproductions 
of roentgenograms are included. 


RESULTS 

The 1,000 studies were grouped as shown 
in Table II. The 7 eases of malignant 
disease coded as negative included 5 
patients tvhose tumor was removed at the 
time of biopsy prior to admission, with no 
residual carcinoma being found in the 
post irradiated radical mastectomy speci¬ 
men ; 1 patient with a tumor in the tail of 
the breast not demonstrated on the roent¬ 
genograms as this was prior to the use of 
the axillary view; 1 patient with a small 
parasternal carcinoma that was not pro¬ 
jected on the roentgenograms. Consider¬ 
ing only the malignant lesions, the definite 
error in diagnosis by roentgenography was 
only 2 out of 240, or 0,83 per cent. Malig¬ 
nant tumors were found in 19 breasts 
clinically considered to be negative. 

The benign lesions were diagnosed as 
indicated in Table III. Five small fibro¬ 
adenomas in fibrocystic disease were over¬ 
looked; these were considered errors in 
diagnosis, with fibroadenoma used as the 
primary diagnosis. 

DIFFICULTIES, SOURCES OF ERROR, 
OBSERVATIONS 

Roentgenographic technics for soft-tissue 
study of most areas of the bedy are critical. 
This is not true of the breast where con¬ 
trast of fat and surrounding structures ex- 
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Table III: Frequency or the Various Benign 
Conditions Encountered in 1,000 Mammograms 
from May 1956 to May 1959, Together with Their 
Diagnosis by Mammography and the Lesions 
More Commonly Confused with Carcinoma 




Total 

Cor¬ 

rect 

X-Ray 

Diag¬ 

nosis 

Coded 

as 

Malig¬ 

nant 

Benign 

Fibrocystic 

102 

99 

3 

lesions 

with 

disease 

Fibroadenoma * 

36 

30 

l 

biopsy 

Abscess 

16 

8 

8 

Sclerosing 

9 

5 

4 


adenosis 
Dilated ducts 

4 

4 

0 


Intraductal 

4 

2 

2 


papilloma 
Benign fibrosis 

2 

1 

1 


Sebaceous cyst 

2 

2 

0 


Cystosareoma 

3 

3 

0 


phylloides 

Scleroderma 

1 

1 

0 


morphea 
Ectopic breast 

1 

1 

0 


Granulomatous 

1 

0 

1 


tissue 

Granular-cell 

1 

1 

0 

Benign 

myoblastoma 

Fibrocystic 

240 

240 


lesions 

without 

disease 

Plasma-cell 

4 

4 


biopsy 

mastitis 

Fibroadenoma 

4 

4 


Total 


430 

405 

20 


* Five fibroadenomas in fibrocystic disease were 
overlooked. 


ists and the paramount aim is detail 
rather than contrast. There is, how¬ 
ever, variability of contrast due to factors 
of age, size of breast, state of nutrition, 
pregnancy, lactation, time in menstrual 
cycle, and the wide range of other normal 
physiological cyclic changes as well as 
a b n orma 1 pro cess es. 

In late pregnancy or lactation, or in the 
larger and denser virginal type of breast, 
the roentgenograms tend to be of poorer 
quality due to the higher kilovoltage re¬ 
quired for penetration. For a diagnosis of 
carcinoma in these dense breasts, the 
tumor must be large or secondary signs 
of malignant disease must be present. Al¬ 
though not encountered in this study, a 
small carcinoma may be overlooked under 
such circumstances. 

The roentgenogram must be obtained 
with the nipple in profile, otherwise nipple 
retraction cannot be evaluated. 


Experience with Mammography 
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The false positives, benign processes 
called malignant, were the greatest source 
of error in this series. These lesions in¬ 
cluded abscesses, infected cysts, or 
fibrocystic disease associated with marked 
sclerosing adenosis and/or ductal hyper¬ 
plasia. In a review of these cases, the 
presence of carcinoma could not be 
definitely excluded by roentgenography. 
These are the lesions that would comprise 
the indeterminate group and, unfortunately, 
they were also considered malignant clin¬ 
ically; in at least 2 cases biopsies were 
performed three times. 

Another difficulty encountered with 
fibrocystic disease, as already indicated, 
was the presence of a small fibroadenoma 
that was overlooked or considered a part 
of the fibrocystic process. This was 
an incidental finding at biopsy. Dilated 
ducts and intraductal papillomas were 
frequently similar in appearance; however, 
the treatment was the same: local excision 
to control bleeding. The single case of 
scleroderma morphea was reported merely 
as benign localized skin thickening, and a 
granular-cell myoblastoma was also coded 
only as a benign lesion. Sebaceous or 
intradermal cysts were readily identified 
by their relationship to the skin; in acces¬ 
sible areas nevi were clearly shown with¬ 
out extension into the subcutaneous fat. 

No comparison could be made with 
palpatory diagnosis as the clinicians fre¬ 
quently disagreed as to the diagnosis or 
withheld it with the simple remark 4 'biopsy, 
frozen section, and, if positive, radical 
mastectomy/' However, subjection of a 
patient to general anesthesia for diagnosis 
indicated a strong clinical impression of 
malignancy. 

No attempt was made to record the inci¬ 
dence of primary lesions in both breasts 
since metastasis versus second primary is a 
difficult problem. The first case of meta¬ 
static melanoma to the breast was a single 
lesion and was coded as carcinoma; how- 
ever, the second case with multiple lesions 
in both breasts was recognized and cor¬ 
rectly diagnosed as metastatic disease in a 
patient known to have melanoma. Mucin¬ 


ous adenocarcinoma, although not as 
aggressive-appearing as other malignant 
tumors, revealed sufficient changes for a 
diagnosis of carcinoma. Two cases of 
cystosarcoma phyiloides were coded ma¬ 
lignant purely on the basis of size, that being 
the only difference in appearance from the 
fibroadenoma or "giant fibroadenoma.” 
Three other cases of cystosarcoma phyi¬ 
loides were coded as benign. The liberty was 
taken to leave these lesions as such in the 
tables since the pathologic diagnosis was 
on the basis of cell morphology rather than 
invasiveness of the tumor. 

Postoperative changes following a biopsy 
for benign disease vaguely resembled 
localized carcinoma, without calcification or 
definite secondary signs of malignancy. In 
the absence of infectious complications, the 
mammogram reverted to a normal appear¬ 
ance in seven to ten days. Although many 
patients dated the onset of a breast 
nodule from trauma, no calcifying hema¬ 
toma was encountered. 

Usually in the breast with a previous 
biopsy for carcinoma, residual tumor or 
secondary signs of cancer were present and 
the diagnosis of carcinoma was readily 
made. The mammograms were obtained 
two to four weeks following the biopsy. 
The 5 cases with previous tumorectomy 
and normal mammograms were not con¬ 
sidered unusual, however, cs in these early 
lesions, following biopsy, the radical 
mastectomy specimen is often negative for 
residual carcinoma. These 5 patients did 
receive preoperative irradiation. 

Of 4 cases of Paget's disease of the nipple, 
the underlying carcinoma was not detected 
clinically in 3, but was diagnosed by x-ray 
examination in all. Although the masses 
were not palpable, they could not be in¬ 
cluded with the unsuspected lesions, since 
the nipple changes reflected the presence of 
carcinoma clinically. In 1 of these cases, 
the nipple changes—slight elevation of 1 
to 2 mm. and localized discoloration—were 
not roentgenographically apparent. 

The smallest carcinoma demonstrated by 
roentgen rays was S mm. in diameter on 
sectioning. The presence of stippled cal- 
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eification led to the diagnosis. In the same 
breast the existence of a 4-mm. uncalcified 
nodule in a background of sclerosing 
adenosis was appreciated, although its 
malignant character was not. Small car¬ 
cinomas in sclerosing adenosis were de¬ 
tected by the presence of calcifications; 
without such evidence, early malignant 
change cannot be recognized. With demon¬ 
strable calcification, the radiologist may be 
more definite than the surgeon in deciding 
which nodule should be biopsied or than the 
pathologist in deciding the question of 
malignancy versus benignity. 

The demonstration of axillary nodes by 
roentgenography has some significance, 
but their finding is not a diagnostic criterion 
of malignancy. In 108 cases nonirradiated 
radical mastectomy specimens were avail¬ 
able for pathologic study; axillary nodes 
were demonstrated by roentgen rays and 
found to be carcinomatous upon histo¬ 
pathologic study in 88. In 15 other cases 
microscopic carcinomas which had not been 
reported were present in axillary nodes, 
nearly all being less than 1 cm. in diameter. 
In 5 cases, however, non carcinomatous 
nodes had been noted on the roentgeno¬ 
gram. 

Despite these difficulties, the average 
study was simply obtained and readily 
interpreted. This is contrary to the views 
of the European authors who have stressed 
meticulous attention to technical details 
and special interpretative skills. 

discussion 

Soft-tissue roentgenography of the breast 
can be definitive in the diagnosis of ma¬ 
lignant, benign, and normal conditions. 
Provision must be made for indeterminate 
studies and is just as necessary and valid for 
the radiologist as for the pathologist. 
Clinical judgment is mandatory but the 
typical carcinoma on a roentgenogram 
should not be ignored. The time-honored 
approach of palpation of a breast lesion 
followed by a decision to observe or prepare 
the patient for immediate radical mastec¬ 
tomy is necessary and well appreciated. 
While roentgenography has not established 


the absolute preoperative diagnosis, its use 
and refinement should substantially reduce 
the preoperative diagnostic errors. At 
times the radiologist may express an 
opinion contrary to that of the surgeon and 
on occasion may find it necessary to 
challenge the pathologist’s interpretation of 
a breast lesion. 

In this group of patients, were mam¬ 
mography used as a guide to definitive treat¬ 
ment, no carcinoma would have been 
overlooked except the 2 not projected onto 
the films. (At the time of roentgen¬ 
ography, if the location of the palpable 
nodule in the breast is known, such errors 
should be preventable,) One hundred and 
sixty-six general anesthesias would have 
been avoided and only 20 patients with 
benign disease would have been prepared 
for radical mastectomy. It could not be 
determined in the review of numerous 
other benign lesions whether the radiol¬ 
ogist’s report influenced the clinical de¬ 
cision to omit biopsy. In no instance 
where a lesion was described on the x-ray 
report was the patient found to have a 
normal breast. 

CONCLUSIONS 

The palpatory method of detection and 
diagnosis of breast lesions is inaccurate even 
in an institution where a limited number of 
clinicians evaluate all patients attending 
the breast clinic, numbering 2,430 yearly. 
Soft-tissue roentgenography of the breast 
can reduce the error of preoperative 
diagnosis and reveal a number of unsus¬ 
pected lesions. In addition, it can obviate 
a significant number of general anesthesias 
now administered for diagnostic purposes. 
Experience has shown mammography to be 
a simple method of demonstration of a 
breast lesion with a high accuracy in pre¬ 
diction of its type. Analysis of the value 
of soft-tissue roentgenography in our in¬ 
stitution has indicated its reliability as a 
diagnostic tool. 

SUMMARY 

1. The rcentgenographic interpreta¬ 
tions, without benefit of history or clinical 
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findings, of 1,000 consecutive soft-tissue 
examinations of the breast are given. 

2. A simple radiographic technic, based 
on changing the one variable of distance, 
is explained. 

3. With roentgenograms of sufficient 
detail, any radiologist with the average 
physician's knowledge of the anatomy and 
pathological processes of the breast can 
diagnose breast lesions with a high degree 
of accuracy. 

4. Experience with this simple examina¬ 
tion in our institution has indicated its 
reliability as a diagnostic tool, with an 
error of less than 1 per cent in malignant 
disease. 
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SUMMARIG IN INTERLINGUA 

Experientias con Mammographia in un Institution pro Tumores 


Mille consecutive roentgeno-examines 
del mamma esseva effectuate in 634 pa- 
tiantes inter maio 1956 e maio 1959. Le 
serie non include casos de obvie carcinoma 
o de carcinoma cognoscite per recente biop- 
sias. 

Un roentgnogramma esseva obtenite ab 
le axilla e 3 ab le mamma, in 2 pianos a 
angulo recte. Un dispersion de innume- 
rabile punctos de calcification, resiinilante 
gran os fin de sat, in e circum un nodulo 
tumoric indica malignitate. Plus grossier 
e plus dense typos de calcification esseva 
trovate solmente in conditiones benigne: 
in fibroadenoma, mastitis plasmocytic, 
cystes calcificante, o arteriosclerosis. Be¬ 
nigne niassas mammari esseva homogenee- 
mente dense, ronde o lisiemente lobulate, e 
circumdate de un tenue strato de grassia 
radiolueente. Illos retroprimeva tissu 
normal e esseva responsabile sohnente pro 
alteration es local. Maligne tumores es¬ 
seva responsabile solmente pro alterationes 
local. Maligne tumores esseva plus dense 
in le centro; illos habeva spieulate mar- 
gines irregular, invadeva le tissu adjacente, 


e esseva usualmente associate con le un o 
le altere lesion secundari in le mamma. 

Super le base de constatationes roent¬ 
genologic sol, 238 ex 245 canceres del 
mamma esseva registrate eomo maligne. 
In 5 del non assi registrate casos de can- 
cere, le tumor esseva removite al tempore 
del biopsia ante le hospitalisation, e 
nulle residue carcinoma esseva trovate in 
le specimen del post-irradiateri mastecto- 
inia radical. In 2 casos le examinator non 
habeva essite informate del location pro- 
babile del tumor, e isto non esseva proji- 
cite in le roentgenogramma. Omne 
le lesiones benigne, con solmente 20 ex- 
ceptiones, esseva registrate como tales. 
Si nos considera solmente le neoplasmas 
maligne, le error definite in le diagnose per 
roentgenographia esseva 2 ex 240 o 0,83 
pro cento. Maligne tumores esseva tro¬ 
vate in 19 mammas considerate, a base 
clinic, como negative. Nulle mamma 
esseva trovate normal pro le qual le re- 
porto radiologic describeva un lesion. 

Difficultates e fontes de error es diseutite 
detaliatemente. 
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8.4 Evaluation of periodic breast cancer screening with 
mammography. Methodology and early observations. 


Philip Strax (1909-1999) 

Philip Strax was born in 1909 in New York, NY, and grew up in Brooklyn, NY. He 
graduated from New York University (NY) in 1931, where he received his BS and 
MD degrees. After initial experience as a general practitioner, he received addi¬ 
tional training in radiology at New York Post-Graduate Medical School (NY) and, 
in 1942, became a diplomat of the American Board of Radiology. In 1962, he was 
named a fellow of the American College of Radiology. He practiced radiology in 
the New York City area for many years and had affiliations with many area hospi¬ 
tals, including City Hospital in New York, where he was director of radiology from 
1950 to 1964. 

In 1947, his first wife died of breast cancer, which ignited his passion to fight 
and cure the disease. At that time, mammography was not generally available. By 
the 1960s, early advocates of mammography, including Dr Robert Egan, were 
studying the value of the technique. Dr Strax heard about Dr Egan’s work, learned 
to perform mammography and interpret its results, and began to offer mammog¬ 
raphy to his patients. In 1963, he and Samuel Shapiro, MD, initiated a study of the 
effectiveness of mammography for reducing mortality, the impressive results of 
which prompted routine use of mammography for breast cancer screening and led 
to other extensive studies. In 1988, they were honored for their work by the 
General Motors Cancer Research Foundation. 

Dr Strax established the Guttman Institute in New York, NY, which made mam¬ 
mography available at little or no cost. In 1979, he moved to Ft. Lauderdale, Fla., 
and established the Strax Institute. Both institutes are in operation today. Dr Strax 
continued to perform clinical examinations until his retirement in 1989. 

In addition to his accomplishments as a physician, he possessed qualities that 
set him apart as a humanitarian. He cared little about money and much about 
people. He was quick to lighten up a situation with his wonderful sense of humour. 
He was dignified and humble about his accomplishments and always praised oth¬ 
ers. Most of all, he was like a compassionate grandfather; he provoked the urge to 
hug him and thank him for his inspiration. Owing to his efforts in laying the foun¬ 
dations for breast cancer screening, his passion to combat the disease survives and 
flourishes. 

Dr Philip Strax died in Bethesda, MD, on 9 March 1999, at the age of 90 years. 

Reproduced with permission from Stuart S. Kaplan 2004. 

Picture courtesy S.S. Kaplan. 

Kaplan SS, Lemberg S ( 1999 ) In Memoriam, Radiology 213:621 
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Evaluation of Periodic Breast 
Cancer Screening With Mammography 

Methodology and Early Observations 

Sam Shapiro, Philip Strax , MD f and Louis Venet, MD 


Periodic breast cancer screening with mammography 
cMca! examination is being evaluated to deter 
Mill* ftt value in reducing breast cancer mortality 
iliwng women. Representative samples of women aged 
4$ to 64 years enrolled in the Health Insurance Plan 
GrMter New York are randomly assigned to study and 
ttffllrot groups, each of which will contain 30,000 women. 
ffelUtti of the study to date are consistent with the 
hypothesis that the screening leads to earlier detection 
Of breast cancers than is ordinarily experienced and 
(hit mammography contributes significantly to detec- 
Itafl, While these relationships are encouraging, they 
frtUit be viewed with caution since the study f$ still in its 
fmrly stages. Furthermore, the crucial question is whether 
mortality from breast cancer is lowered because of the 
frereenTng, and definitive findings on this issue will re¬ 
quire at least five years of folfow-up. 

T his paper presents basic elements of the meth¬ 
odology and some of the early observations in 
Ji long-term study designed to evaluate periodic 
Hmst cancer screening. ThejM-oject has been under¬ 
taken at a point in time when the outlook for sig¬ 
nificant reductions in mortality from breast cancer 
svith current detection and treatment procedures 
te poor, 1 Breast cancer is the leading cause of death 
from malignancies among women in the United 
States, It develops in an estimated 6% of wom¬ 
en during their lifetime. 2 About half of these 
wofnen die within five years; and in succeeding 
years the mortality among women with the dis¬ 
cuss continues to be higher than among other 
women* 1 (Fig 1). Follow-up studies of long¬ 
term survivors of breast cancer in Connecticut 
indicate that breast cancer, regardless of the type 
involved, is the cause of death for a large propor¬ 
tion of these women. 5 Fifteen to 20 years after ini¬ 
tial diagnosis of the condition, a third of the deaths 
are attributed to breast cancer. 

From the Division of Research Slid Statistics, Health Insurance 
Man of Greater New York (Mr. Shapiro), the Department of 
itadiology. City Hospital Cental" at Elmhurst, Queens (Dr. Strax). 
find the Department of Surgery, New York Medical College and 
Both Israel Medical Center (Oc, Venet), New York. 

Reprint requests to G25 Madison Ave, New York 10022 (Mr. 
Shapiro), 


Cancer detection programs have for years em¬ 
phasized the importance of early diagnosis in 
breast cancer. Proponents of periodic physical 
examinations have reported the detection of breast 
cancer in asymptomatic patients. Some have sug¬ 
gested an increase in the survival rate of patients 
with cancer of the breast so detected.® 8 How¬ 
ever, in the United States there has been no rigor¬ 
ous study of the effect of such programs on the re¬ 
duction of breast cancer mortality in a defined 
population. 

The fact is that, despite increased attention 
given to measures to detect breast cancer early and 
technical progress in the medical armamentarium/ 
the breast cancer mortality in the female popula¬ 
tion has remained unchanged for about 30 years. 
Betwen 1935 and 1963 the age-adjusted mortal¬ 
ity in the United States for women 25 years of 
age or older decreased by 39 %, from 15,2 per 


For editorial comment , see page 77 5. 


1,000 to 9.3 per 1 , 000 , But, the breast cancer 
mortality in this age group has been close to 40 
per 100,000 throughout this period (Fig 2) . p (From 
data for Connecticut and upstate New York, It 
would appear that this lack of change could not be 
explained by increases in the incidence rate.) The 
possibility of changing this situation by detecting 
breast cancer in a precllnical stage through mam¬ 
mography has been advanced as holding sufficient 
promise to warrant an evaluation study. 

In December 1963 , the Health Insurance Plan 
of Greater New York (HIP) in cooperation with 
affiliated medical groups launched a large-scale 
screening program for breast cancer which uses 
mammography and a clinical examination. Plan¬ 
ning for this study started early in 1962 when 
Gershon-Cohen’s periodic reexamination survey in¬ 
dicated that nonpalpabie carcinomas of the breast 
were being detected by means of mammography 1 u 
and when Egan’s reports demonstrated the value 
of mammography for differential diagnostic pur¬ 
poses/ 1 The significance of these events was 
brought to HIP*s attention by one of us (P.S.), and 
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] Percent of expected survivors dying. 
I Percent of expected survivors living. 


1. Relative survival rates for women with cancer of 
the breast diagnosed in Connecticut, 1935-1944, by 
time interval after diagnosis. (From Cutler et aP) 



All Causes 
Rate per 1,000 


fceast Cancer 
Rate per tOO.OOO 


2. Age-adjusted mortality from all causes and from 
breast cancer for women aged 25 years or more, 
United States, 1935-1963. Age-adjusted to 1940 popu¬ 
lation. 


steps were taken under the direction of Edwin £ 
Daily, MD, medical vice-president of HIP, to evil* 
uate mammography for breast cancer screening 
Coincidentally, Michael Shimkin, MD, who wo* 
then with the National Cancer Institute, had be* 
gun to explore possible sites for a major study 
of this issue. 

Several months later a pilot study was initiated 
by HIP under contract with the National Canct* 
Institute to test the feasibility of a full-scale screen, 
ing program and to develop the precedures and 
research instruments that would be required. Suc¬ 
cessful culmination of the pilot study resulted in 
the decision to undertake the repetitive screen* 
ing program being reported here. An important con¬ 
tributory factor was the evidence of a high dearer 
of reproducibility of Egan's technic of mammegm- 
phy that was being accumulated in the Public 
Health Service—M. D, Anderson Hospital and Tip 
mor Institute study. 112 This was encouraging ah 
though it was recognized that the HIP screening 
study would be conducted under different condi¬ 
tions. In this investigation, unlike the reproducibil¬ 
ity study, a large majority of the patients would 
have no suspicious lesions, and a substantial pro¬ 
portion of the biopsy recommendations were ex¬ 
pected to be made on radiologic evidence aloiw, 
involving small, nonpalpable lesions. 

Objectives 

The current study is concerned with breast can¬ 
cer detection and mortality from this disease in a 
defined population of women who are placed under 
initial observation when they are 40 to 64 vcaw 
of age and who are then followed up for a number 
of years. The “exposed to risk” population excludes 
only those women with a prior mastectomy or 
those w T ho are pregnant at the time of the screen¬ 
ing examination. 

The primary objective of the project is to estab¬ 
lish whether a breast cancer screening program us¬ 
ing mammography and clinical examinations holds 
substantial promise for lowering mortality from 
breast cancer in the female population. Linked to 
this is the objective of determining the frequency 
with which breast cancer is detected through mam¬ 
mography alone, clinical examination alone, ami 
both mammography and clinical examinations; al¬ 
so, the stage of the disease when diagnosed by 
each procedure and later the mortality experience 
in each category. This will provide a basis for assess¬ 
ing the contribution that mammography may be 
making toward the lowering of mortality from the 
disease. 

The study also provides an unusual opportunity 
to investigate the relationship of a wide range of 
factors to the development of breast cancer. Of 
interest is the relationship of radiologic and clini¬ 
cal observations made at time of the screening 
examinations among women with no- evidence of 
breast cancer and the later development of this 
disease. Also of interest are relationships involving 
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ihmogTaphic variables such as age, race, marital 
country of birth, religion, occupation, edu- 
fit tonal attainment, and family income. Other vari- 
are pregnancy, breast feeding, and menstrual 
hiftory; past and present breast conditions; hor- 
tnonal, surgical, and radiation therapy; and famil¬ 
ial history of cancer. 

Methodology 

Study Setting.— Twenty-three of the 31 medical 
|tt)ups in HIP are participating in the study. These 
ItfHips are located in four of the boroughs in New 
York city (Bronx, Brooklyn, Manhattan, and 
Quarts) and in Nassau County, Their 490,000 mem- 
ttfrc, S5,000 of whom are women 40 to 64 years 
of alec, cover a broad spectrum of ethnic and socio- 
gnomic groups* About two thirds are employees 
fl f local, state, and federal agencies and the em¬ 
ployees’ families. The next largest sources of en¬ 
rollment are union groups outside of government 
«#»rviee. 

In return for a premium, HIP members are an¬ 
il tied to receive comprehensive medical care from 
physicians associated with the affiliated medical 
groups. Coverage is for preventive, diagnostic, and 
[horopeutic services in the office, home, and hospi¬ 
tal. Al! enroilees are required to carry hospital in- 
surrmce. 

Study Design —Within each of the participating 
medical groups, two random samples of women 
flfled 40 to 64 years with at least one year’s mem¬ 
bership in HIP have been selected. These samples 
are matched by age, size of insured family, and 
employment group through which the family joined 
HIP. One sample is designated as the “study” 
group; the other, the “control” group. The total 
number of women in each sample is 30,000, with 
mch medical group ^ntributing a share propor¬ 
tionate to its size, adjusted to the availability of 
physician and technician time in its facility. The 
sample of "study” wfwnen in a medical group is 
randomized, and women are drawn in sequence 
from the list as their turn is reached for screening 
examinations. The date they are scheduled for the 
I’xamination becomes their entry date into the 
Ktudy and all observations start from this date. 
Women in the control group are also assigned en¬ 
try dates to determine their Future periods of ex¬ 
posure. 

Study-group women are offered a screening ex¬ 
amination in their medical group centers and 64% 
cooperate. If a woman who has had a mastectomy 
appears, she is examined but the findings are not 
included in the study* Two annual follow-up exami¬ 
nations are being obtained except for those women 
who on their initial examination ate found to have 
conditions that require earlier follow-up. The re¬ 
sponse rate for the first annual follow-up is 83%. 

Women in the control g*mip feUew their usual 
practices in receiving medical care. No special 
effort is made to encourage them to have general 
physical examinations. On the other hand, they 
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are not discouraged from having such examina¬ 
tions. Mammography is not routinely included in 
the general physical examination but it is in¬ 
creasingly being used in HIP for differential diag¬ 
nostic purposes. 

Preliminary analysis of personal characteristics 
and factors implicated in the epidemiology of breast 
cancer suggests that the 64% of the study popu¬ 
lation that appears for screening examinations is 
very similar to the total study population and to 
the total control population. The differences that 
exist in age composition, socioeconomic status, 
pregnancy and breast feeding history, and other 
characteristics appear too small to bias seriously 
the screened group of women with regard to breast 
cancer incidence. In the long run, the issue will be 
resolved through data on breast cancer incidence 
collected in the study. 

Sources of Information on Biopsies. -Several 
overlapping sources of information help to identify 
women who undergo breast biopsy. They include 
the patient’s medical record in HIP and records 
of hospital admissions. Surgical and pathological 
findings in breast cancer cases are obtained 
from hospital charts. The project’s coordinating 
pathologist reviews slides and conducts special 
studies of tissue blocks, when available* Each case 
of pathologically confirmed carcinoma of the breast 
is investigated to establish whether a mastectomy 
had been performed prior to the woman’s entry 
into the study (if so, she is excluded from the 
study), and to establish the type of surgery per¬ 
formed and histologic type, nodal involvement, and 
size of the lesion. 

Follow-up for Mortality,—It is estimated that a 
minimum of five years of follow-up after the screen¬ 
ing program has been completed will be needed to 
determine whether screening by mammography and 
clinical examinations holds substantial promise for 
improving survival rates among women with breast 
cancer and for lowering mortality from breast 
cancer in the female population, (Comparisons of 
survival rates will require allowances for the accel¬ 
eration in the date of diagnosis of breast cancer 
among screened women. Estimates are to be de¬ 
rived for the amount of time in the natural history 
of the disease between when breast cancer is de¬ 
tected in a screening program and when it is 
ordinarily detected.) 

Deaths will be identified through intensive fol¬ 
low-up of all confirmed breast cancer cases and by 
matching death records on file in New York city 
and upstate New York against the total files of 
study and control groups to locate deaths attributed 
to breast cancer. It should be noted that women 
in both the study and control groups are main¬ 
tained under observation even if they discontinue 
their enrollment in HIP. 

Examination Sessions 

Location .^Exinrihation sessions are conducted 
in the medical group centers* The organization of 
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the examination sessions on a decentralized basis 
has several strong advantages. Unquestionably, 
the most important is that it provides a dear 
link between the examination and the follow-up 
medical care. The patient appears for a screening 
examination in a familiar setting, the medical group 
center, and she knows that the group's surgeon 
and radiologist are participating directly in the pro¬ 
gram, Her responsiveness to the initial invitation 
to participate is increased, as is the likelihood that 
follow-up care will be obtained. The surgeon who 
functions as the examining physician is a member 
of the medical team in the group responsible for 
the patient's care, and the findings of examinations 
in which he has been a critical participant are more 
readily translated into action than might ordinarily 
be true in a screening program. 

Content ~Each examination consists of a clinical 
and x-ray examination and interview with the pa¬ 
tient to obtain relevant demographic information 
and a health history, with special emphasis on 
factors implicated in the epidemiology of breast 
cancer. The interview is carried out by a nonphysi¬ 
cian on the study staff. Each participating medical 
group has assigned one or more of Its clinicians 
to the project. In almost all cases, the clinician is 
a surgeon; in the remaining instances he is an 
internist. Examination sessions are scheduled out¬ 
side of the physician’s regular clinic hours, and he 
gives his total attention during the session to the 
screening program. The clinician conducts his ex¬ 
amination without knowledge of the radiologic 
findings and records his observations and recom¬ 
mendations for follow-up medical care on special¬ 
ly designed study forms, 

Oephalocaudad and lateral x-ray views of each 
breast are taken for each woman (technique dis¬ 
cussed later) by technicians who have been special¬ 
ly trained. The radiologist of the medical group 
has the opportunity to read the films before they 
are sent to the central staff and to record his find¬ 
ings without reference to the clinical observations, 

Assessment of Evidence. - Clin! ca 1 , radiologic, 
and lay interview reports emanating from the ex¬ 
amination session, together with the mammograms, 
are sent to a central location where a medical chart 
is established for the patient. The mammograms 
are separated from the rest of the chart for inde¬ 
pendent readings by two of the radiologists on the 
staff. The project’s chief radiologist, Dr. Strax, 
reviews positive findings by the staff radiologists 
and the radiologists in the participating medical 
groups. In selected cases, Robert L. Egan, MD, 
serves as a consultant to the study. Final responsi¬ 
bility for resolving differences rests with the chief 
radiologist on the study team. 

At a later stage, clinical information derived 
from the screening examination is reviewed in con¬ 
junction with the radiologic findings. Participat¬ 
ing in this assessment of the total evidence are 
clinicians on the study staff. The chief clinician, 
Dr. Venet, has primary responsibility for estab- 

IM 


lishing close liaison with the surgeons in all par¬ 
ticipating medical groups and discussing with them 
the basis for biopsy recommendation when this 
derives exclusively from mammographic findings. 
The follow-up system for biopsy cases and for early 
recall cases is under his direction. 

Special measures have been introduced to in¬ 
crease the likelihood that when a biopsy is rec¬ 
ommended the woman will accept hospitalization. 
This poses no significant problem when the rec¬ 
ommendation is based on the finding of a palpable 
lesion which is suspected as being malignant. 
When mammography provides the only evidence 
for biopsy, the woman is often hesitant to accept 
hospitalization even if a malignancy is suspected, 
A team approach has been developed to minimize 
the likelihood of “losing” the patient. Responsi¬ 
bility for communicating with the patient is as¬ 
sumed by the medical group surgeon assisted by 
a registered nurse on the central staff who has 
wide experience in the fields of health education 
and research. 

Mammography Technique and Radiation Expo, 
sure .-In consultation with Dr, Egan, his technique 
has been modified for use as a screening procedure 
in the HIP study. Favorable features in Egan’s 
technique are retained. These include industrial 
fine-grain film (M type), low kilo voltages, long dis¬ 
tance, and close coning. The changes that have 
been made are directed at reducing the radiation 
dose, the strain on radiographic equipment, and 
the amount of time required to screen a patient. 
These objectives are accomplished by restricting 
the films to a cephalocaudad and medlolateral view 
for each breast and by slightly increasing the kilo- 
voltage. 

The modified mammography technique has 
made it possible to screen women at the rate of 13 
patients per three-hour session. Quality of films is 
regularly determined by the study staff, and peri¬ 
odically a sample of films is sent to Dr. Egan for 
his opinion concerning quality. Improvements in 
technique are introduced as suggested by these re¬ 
views, Assessment of films taken after September 
1964 indicates that 98% of the cephalocaudad 
views were adequate; in 79% of the cases both 
lateral views were adequate. 

Measurements taken by the consultant physicist 
in the project indicate that with the technique de¬ 
scribed the skin dose to the breast is about 5 rads, 
assuming overlapping fields; at a depth of 3 cm 
the dose from both fields is of the order of 2 rads. 

Several safeguards have been taken In the study 
against undue radiation exposure which might 
result from technical failures or from human fac¬ 
tors. Each x-ray machine being used is calibrated 
and measurements taken under the physicist's su¬ 
pervision before mammography screening begtftS. 
Repeat measurements are scheduled. A lead rubber 
shield is attached to the cone to attenuate 
scattered radiation to the neck and face. Also, 
lead rubber is placed under the film holder. ’Sereen- 


JAMA, Feb 28, 1966 * Vol 195, No 9 



8.4 Evaluation of periodic breast cancer screening with mammography 


621 


BREAST CANCER SCREEN ING—SHAPIRO ET AL 


monitored closely to reduce to a minimum 
retakes due to equipment failures or faulty tech¬ 
nique, and visits are made to medical groups while 
fessions are in progress to check on safety mea¬ 
sures and technique. 

Preliminary Observations 

Resu/Js of Screening .-By the end of March 1965, 
About half (15,542) of the 30,000 women in the 
study group had been asked to appear for a screen¬ 
ing examination. Of these, 9,883 were examined 
imd recommendations for biopsy were made for 
202 or about 2 % of the women. Recommenda¬ 
tions for “biopsy or aspiration" were made for an 
additional 0.3% (25 women), and 8 % of the 
women were requested to have a reexamination 
within six months, primarily because of a clinical 
finding of fibrocystic mastopathy. 

The basis for the biopsy recommendation, the 
number of biopsies performed, and the number 
of pathologically confirmed carcinomas of the breast 
are given in Table 1 . 

Almost half of the biopsy recommendations (97) 
were made as a result of mammographic findings 
only, 95 were made on clinical grounds alone, and 
10 recommendations were based on both mammo¬ 
graphic and clinical evidence. Of the 202 women 
with biopsy recommendations, 134 have had sur¬ 
gery; 11 of the 25 women with recommendations 
for “biopsy or aspiration” have also had surgery. 
Several more women are moving toward biopsy. 
The remainder will be followed up through reex¬ 
aminations and available records to identify wom¬ 
en who finally do undergo biopsy, in which case full 
information will be obtained about the outcome. 

Twenty-three breast cancers have been confirmed 
pathologically, 15 within seven weeks after the 
patients were screened. Of the 23 women with 
confirmed carcinomas, 12 had biopsies on the basis 
of radiologic evidence only, 9 on clinical evidence 
only, and 2 on clinical and radiologic evidence. 

Each of the above figures is subclassified in 
Table 1 to show the radiologic and clinical findings 
which resulted in the biopsy recommendation. Three 
categories are provided: “malignant,” “suspici¬ 
ous or indeterminate,” and “nonmalignant mass or 
benign.” Eventually this type of information will 
be useful In assessing the procedures used in the 
current study for other screening programs that 
uiay be considered. 

Table 2 gives, for each of the 23 confirmed cases 
of breast cancer, the age of the patient, radiologic 
and clinical findings and recommendations, ap¬ 
proximate size of lesion when available, type of 
surgery, axillary nodal involvement, and histologic 
type. Several relevant observations can be made 
from this information. It is apparent that cancers 
are being detected through mammography alone 
in all age groups (Table 3). For 16 of the 23 con¬ 
firmed cancers (about 70%), there was no histo¬ 
logic evidence that the axillary nodes were involved; 
no nodes were involved in 83% of the patients who 
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had biopsies on radiologic evidence only and in 
67% of the “clinical only” cases (Table 4 .) 

Of the 12 cases in which the biopsy was recom¬ 
mended on radiologic evidence alone, six were cases 
of duct cell carcinoma and/or scirrhous carcinoma 
and six were cases of comedocarcinoma. The latter 
all showed intraductal calcification. Among the re¬ 
maining 11 cases, there was only one case with a 
prominent intraductal component. With regard to 
size o! lesion there is some uncertainty, since the 
measurements are those of the original examiner 
and procedures may vary from laboratory to 
laboratory. Also, measurements were not always 
available. Nevertheless, it would appear the mam¬ 
mography led to the detection of several very small 
lesions and that some lesions just over 1 cm in size 
were detected on clinical grounds alone. 


Table h—Recommendations for Biopsy 
and Results Among 9,883 Women* 

Evidence for ReCommer- 
dationt 

No. of Biopsy 
Recommenda¬ 
tions 

Biopsies Performed 

Pathologically 
Number Confirmed Cancer 

Mammography only 

Total 

97 ( + 14)* 

61 1+2) 

12 

Malignant 

25 

16 

7 

Suspicious of malls, 
nancy 

49 

30 

5 

Nonmalignant mass 

23 (+14) 

15 t+2) 

0 

Clinical only 

Total 

95 (+S> 

60 (+6) 

8 (+11 

Malignant 

8 

7 

4 

Indeterminate 

27 (+1) 

17 (+1) 

2 

Benign 

60 (+7) 

36 (+5) 

2 (+1) 

Mammography and clinical 

Total 

10 (+3) 

6 (+3) 

2 

Both malignant 

2 

1 

l 

Clinical malignant, 
mammography suspi* 
clous 

1 

0 

0 

Both suspicious 

2 

0 

0 

Mammography suspich 
(jus, clinical benign 

3 

3 

1 

Clinical indeterminate, 
mammography benign 

1 

1 

1 (+3) 

0 

Both benign 

1 (+3) 

0 


<The- women entered the study during the period December 1963 to 
March 1965 and were screened by AprilSO, 1965- Status as of May 31, 
1965, is given. 

T Radiologic and surgical recommendations made independently, 
t Figures in parentheses are additive to the other figures. They 
represent additional recommendations for biopsy or aspiration, biop¬ 
sies performed following this recommendation, and pathologically 
confirmed carcinomas of the breast in these cases, 

The patient’s knowledge of the presence of a 
mass prior to the screening examination is deter- 
mined at time of the examination. In only four of 
the 23 confirmed cases of carcinoma did the wom¬ 
en state that they previously knew about the mass 
(one patient for 2 % years, two patients for six 
months, and one patient for two months). This is 
in sharp distinction to the general impression that 
the overwhelming majority of breast cancers be¬ 
come known because the women feel a lump, 

A point of particular interest is the lack of cor¬ 
respondence between radiologic and clinical find¬ 
ings and recommendations in the screening pro¬ 
gram thus far, as indicated by the data in Tables 
1 and 2 . Further examination of this issue shows 
that, of the 74 patients with a biopsy recommenda- 
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Table 2.—Findings in tbe 23 Oases of Confirmed Carcinoma of the Breast* 


Radiologic 

Clinical 

1 size at 


Axillary 

Nodes 

Involved 


Case 

(Y>) Findings - ! 

Recom- 

mendationt Findings^ 

Recom¬ 
mendation t 

Las ion || 
(Cm) 

Typ# of Surgery 

Histologic Typ* 

1 

49 Malignancy 

Biopsy 

Biopsy Recommended on Radiologic Evidence Only 

No disease 1 yr Unknown Radical 

mastectomy 

No 

Scirrhous carcinoma 

2 

54 Malignancy 

Biopsy 

No disease 

1 yr 

1.3 

Radical 

mastectomy 

No 

Comedoca rcinoma 

3 

54 Malignancy 

Biopsy 

Nd disease 

lyr 

4 

Radical 

mastectomy 

No 

Comedoca rcinoma 

4 

53 Malignancy 

Biopsy 

No disease 

1 yr 

1 

Radical 

mastectomy 

No 

Mixed, scirrhous & duct ceil 

5 

42 Malignancy 

Biopsy 

FCM 

3 mo 

Unknown 

Radical 

mastectomy 

No 

Comedocarcinoma 

6 

56 Malignancy 

Biopsy 

No disease 

iyr 

Unknown 

Radicer 

mastectomy 

No 

Comedoca rcinoma 

7 

42 Malignancy 

Biopsy 

FCM 

3 mo 

Unknown 

Radical 

mastectomy 

Unknown 

Comedoca rcinoma 

3 

Eg Suspicious 

Biopsy 

No disease 

lyr 

g»| 

Radical 

mastectomy 

No 

Comedocarcinoma 

9 

61 Suspicious 

Biopsy 

No disease 

lyr 

1.2 

Radical 

mastectomy 

No 

Milted, scirrhous & duct cell 

10 

57 Suspicious 

Biopsy 

No disease 

lyr 

1 

Simple mas tec- No 

tomy i axillary 
node biopsy 

Duct cell carcinoma 

11 

53 Suspicious 

Biopsy 

No disease 

lvr 

2.5 

Radical 

mastectomy 

No 

Scirrhous carcinoma 

12 

61 Suspicious 

Biopsy 

NO disease 

1 yr 

3 

Radical 

mastectomy 

Yes 

Duct cell carcinoma 

13 

64 Films inadequate 

Biopsy Recommended on Clinical Evidence Only 
Malignancy Biopsy 5 Radical 

mastectomy 

No 

Mixed, comedo A duct cell 

14 

55 NMNM 

1 yr 

Malignancy 

Biopsy 

1.2 

Radical 

mastectomy 

Yes 

Duct cell carcinoma 

IE 

50 Films inadequate 

Malignancy 

Biopsy 

6X5X2 

Radical 

mastectomy 

Yes 

Duct cell carcinoma 

16 

45 NMNM 

1 yr 

Malignancy 

Biopsy 

Unknown 

Radical 

mastectomy 

No 

Mixed, comedo £. duct cell 

17 

64 NMNM 

1 yr 

Indeterminate 

Biopsy 

1.5 

Radical 

mastectomy 

No 

Mixed, scirrhous A duct cell 

13 

53 NMNM 

1 yr 

Indeterminate 

Biopsy 

4 

Radical 

mastectomy 

NO 

Scirrhous carcinoma 

19 

49 NMNM 

lyr 

Benign 

Biopsy 

1,3 

Radical 

mastectomy 

No 

Duct cell carcinoma 

20 

43 NMNM 

1 yr 

Benign 

Biopsy 

2,5+ 

Radical 

mastectomy 

No 

Colloid carcinoma 

21 

57 NMNM 

lyr 

Benign 

Biopsy or 
aspiratior 

5X4X2 

ii 

Biopsy only 

Unknown^ 

Duct cell carcinoma 

22 

47 Malignancy 

Biopsy Recommended on Radiologic and Clinical Evident* 
Biopsy Malignancy Biopsy 1.2 Biopsy Only 

U n known H 

Mixed, scirrhous 3= duct cell 

23 

42 Suspicious 

Biopsy 

Benign 

Biopsy 

3+ 

Radical 

mastectomy 

Yes 

Mixed, scirrhous A duel cell 


''Women recommended for biopsy on results of screening examination; study-group patients entered study December 1963 to March 1965 
t Findings before results of clinics! examination became known. ''NMNM” refers to "non malign ant, no mass,’' 

3Time period refers to recommended interval for scheduling next examination. 

5Findings before results of radiologic examination became known. J, FCM" refers to "fibrocystic mastopathy." 

^Approximations based upon reports submitted by hospital pathologists, "Unknown 1 " indicates that size of lesion was not reported by examining 
pathologist. 

HClinical evidence of extensive mctasEases. 


tion based entirely on radiologic evidence of malig¬ 
nancy or suspicion of malignancy (Table 1), two 
thirds or 53 had a recommendation from the screen¬ 
ing clinician for a routine reexamination one year 
later. (The alternative recommendations open to 
the screening clinician are biopsy, aspiration, or 
early recall [less than one year].) Forty-six of 
the 74 women came to surgery and 12 cancers were 
confirmed; in two of the 12 confirmed cases the 
screening clinician had recommended an early re¬ 
call (three months). 

Similarly, among cases in which the clinical evi¬ 
dence in the screening examination started the 
chain of events culminating in a biopsy, a large 
majority of women had an initial radiologic recom¬ 
mendation for a reexamination one year later. 
Nine cancers were confirmed in this group of wom¬ 
en. Mammograms in these cases were reviewed 
for possible reasons for the negative radiologic re¬ 
port. Several groups can be delineated: 


1. In two cases, studies were judged to be inade¬ 
quate. In one the difficulty lay in films too light 
for proper evaluation. Reexamination was advised 
and done at the hospital preoperatively. Positive 
diagnosis was obvious on improved films. In the 
other case, the cancer was very small and located 
in the axillary tail. Original lateral examination 
was inadequate and reexamination was advised. 
The patient was operated on before the new films 
could be reviewed. The cancer could be seen on 
the new films. 

2. In four cases, films were judged to be adequate. 
These patients all had small dense breasts in which 
the cancer does not stand out in its milieu and 
could not be seen even after biopsy information 
had been obtained. 

3 . In two cases, films were judged to he ade¬ 
quate, These patients had average-si zed breasts 
with average density. The cancers were of the same 
density as the glandular elements and did not be¬ 


ne 
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Tat/e 3.— Confirmed Carcinomas of Breast Among 
Study and Control Groups of Women, by Age* 


Age (Yr) 


4049 50-59 60 64 


Wudsr population, examined 
Blurts of screening! 

Mi mmORf&phy only 
Civ cj: only 

Mammography and clinical 
Qrltfa«n screening 
|j:jm i nation s i 

jjutfy population, not esa mined 


23 

12 

9 

2 

4 

4 

l* 


12 

7 

5 


entering study December 1963 through March 1965. See 
f#J?s"o?e*"« lfl, * BSr * 0f ei£ P DStjra corresponding to the above ntim- 

p^formed^basls of findings in screening examinations, 
performed on basis of findi 


imy their presence by any signs we know at pres¬ 
ent. Positive radiologic diagnosis was not made 
wen after biopsy information was available. 

4 . One case was judged negative on initial 
radiologic examination. The clinician diagnosed a 
benign lesion and advised excision. Reexamina¬ 
tion of films led to a definite interpretation of ma¬ 
lignancy. 

Findings not Related to Results of Screening — 
Follow-up procedures to identify new cases of 
breast cancer are applied to (1) women who have 
been screened and do not have a biopsy recom¬ 
mendation based on findings in the screening pro¬ 
gram; (2) women in the study group who do not 
appear for a screening examination; and (3) wom¬ 
en in the control group. Data on pathologically 
confirmed carcinomas of the breast in each of these 
groups are given in Tables 3 and 4. 

It will be noted that eight out of the 14 con¬ 
firmed cancers (57%) in the control group in¬ 
volved no axillary nodes. As indicated previously, 
the corresponding figure (70%) for the 23 can¬ 
cers detected through the screening program was 
higher, and in the subgroup “mammography only” 
the proportion (83%) was considerably higher. 
Although all of these percentages are subject to 
large sampling variability, it is encouraging to find 
that the direction of differences is towards higher 


Table A -Confirmed Carcinomas of Breast Diagnosed by 
Histologic Evidence of Axillary Nodal Metastases 101 




Axillary Nodes 




||r _-— 


-v 



Not 


Un- 

Population 

Total 

Involved Involved known | 

Study population, examined 





Result of screening! 





Total 

23 

16 

4 

3 

Mammography only 

12 

10 

1 

1 

Clinical only 

9 

6 

2 

n 

Mammography and clinical 

2 


1 

i§ 

Between screening 





examinational 

4 

3 

1 


Study population, nol examined 

4 

1 

2 

i 

Control 

14 

6 

5 

i 


^Patients «ill 4 ring study December 1963 through March 1965, 

1 Cases in which there is no histologic evidence available to determine 
W there was axillary nodal met*Stases. 

% Biopsies performed on basis of findings in screening examinations, 
IClinital evidence of extensive matsstsses. 

IBiopsie* performed on basis of findings between screening exam- 
(nations as patients appeared for regular medical care- 


proportions among study women whose biopsies are 
attributable to the screening program than among 
control women. In general population studies, about 
42% of the pathologically confirmed cancers of 
the breast are found to have no nodes involved. 

The distribution of histologic types among the 
14 confirmed cancers in the control group differ 
markedly from that of the 12 confirmed cases in 
which biopsies were done on radiologic evidence 
alone. Only in two of the 14 cases was the histo¬ 
logic type comedocarcinoma; ten were cases of duct 
cell and/or scirrhous carcinoma; the remaining 
two were cases of a mixed pattern of comedo and 
duct cell carcinoma. 

Also of great interest are the breast cancers 
detected among screened women between screen¬ 
ing examinations. (These cases were detected in the 
regular course of medical care.) Four such cases 
have occurred since the initial examination. In all 
of them, the initial clinical and radiologic findings 
were negative and a recommendation for a one- 
year reexamination had been made. Three out of 
the four cases had no axillary nodes involved. Re- 
evaluation of the films taken in the screening ex¬ 
aminations has been carried out with the following 
results: 

1. Two patients (one with a seven-month inter¬ 
val [between screening time and biopsy] > the other 
with a three-month interval) had the type of gland¬ 
ular breasts with cancers that do not stand out 
amidst the glandular elements. The cancers cannot 
be seen on review, 

2 . One patient (nine-month interval) had small 
breasts with cancer seen only on lateral view in 
the axillary tail. On review it can be seen on 
early film. It was obvious on the preoperative film. 

3. One patient (three-month interval) had very 


Table 5.—Exposure and Rates of Carcinoma of Breast 
Among Study and Control Groups of Women, by Age 


Population 

Total 

40-49 

50-64 

- 

Total 50-69 

60-64 

Study group, examined 

Total number of women* 

9.603 

4.667 

4.996 

3,970 

1,026 

Person-years following 
examination! 

5,955 

2.945 

3,010 

2,392 

610 

Study group, riot examined! 

3.479 

1.575 

1.902 

1,462 

444 

Control group| 

9.669 

4,759 

5.150 

4,011 

1,119 

Carcinoma Rale 

Study (’roup 

Examined, carcinomas detected 

Hi rough screening fper 1,000 

persons) 2,33 1-64 

3-00 

3.02 

2,92 

Examined, carcinomas detected 
between screening!! 

0.67 

t 

If 

11 

B 

Net ex a mined |i 

1,15 

f 

11 

B 

B 

Control group]’ 

1.42 

O.04 

1.95 

1.25 

4.47 


'Number of women entering Study December 1963 to March 1965 
and examined by April 30, 1965. 

iPtrrson-yeers of exposure among the 9.663 examined Study women. 
Calculated from date of examination to April 30, 1965. With & maximum 
Of 12 exposure- months included for all women whose actual exposure 
was 12 months or more. 

i Pits. on-years of exposure among unexamined study women. CM 
CDialed from date of entry info study until March 31, 1965, and using 
actual months of exposure, 

€ Person-years of exposure based on a 20% sample of the control 
group, Calculated from date of entry into study until March 31, 1965 
and using actual months of exposure. 

i Rates per J .090 persorvyears. 

ffNot calculated. 
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dense, small breasts. On review of early films no 
cancer can be seen. In later preoperative film, can¬ 
cer can be seen in comparison with the early film. 
However, if the later film is seen alone, the cancer 
is not apparent. 

Rates of Detection 

Data from the Ten Cities Study of the US Pub¬ 
lic Health Service indicate that a breast cancer in¬ 
cidence of 1,4 per 1,000 women per year might be 
expected in the HIP study population aged 40 to 
64 years. 3 3 Experience in Connecticut and upstate 
New York suggests a rate of 1-2 per 1,000. Al¬ 
though more time is required to obtain a com¬ 
paratively stable rate for the control group in the 
HIP study, this rate is now 1.4 per 1,000 person- 
years of exposure, a figure similar to the rate 
derived from the Ten Cities Study and not signifi¬ 
cantly different from the Connecticut and upstate 
New York rates 2,3 (Table 5). 

Prevalence of undiagnosed breast cancer in the 
study population at the start of the study consists 
of cases sufficiently advanced to be detected under 
the conditions of the current screening program. 
The 23 cases detected thus far through screening 
fall in this category (Table 5). Prevalence and 
incidence data will later be useful in estimating 
how much time is gained in the early diagnosis of 
breast cancer because of screening. 

The 23 cases represent a rate of 2.3 per 1,000 
women screened (9,883) and 1.5 per 1,000 wom¬ 
en now in the study population of cooperating 
and noncooperating women (15,542). These are 
the cases whose detection can be attributed di¬ 
rectly to screening. It will also be of interest to 
determine the overall amount of breast cancer de¬ 
tection in the study population without regard to 
whether it results from screening or routine medi¬ 
cal care. Thus far among the screened women, the 


rate of cancer detection not attributable to scnob- 
ing is 0.7 per 1,000 person-years; among noncoop* 
erating women, the rate is 1.2 per 1,000 peram* 
years. 

As the study progresses, the above rates 
be recalculated and mortality data accumulated. 
The results will be examined for the total study 
population and separately for the cooperating 
study women. To the extent that the screened 
women are representative of the entire study poon* 
lation with respect to incidence of breast cancer, 
experience in this group will be particularly use¬ 
ful. It will represent the benefit of screening under 
ideal conditions of full cooperation in the program, 
Anticipated benefits of a screening program could 
then be estimated under various assumptions about 
completeness of population coverage in such pro¬ 
grams. 

This study is supported in part by Public Health Service cob. 
tract FH43-63-49. 

The following medical groups affiliated with HIP are parUch 
paling in the study: Astoria Medical Group, Bay Ridge Medical 
Group. Bedford-Wi I1 is msburg Medical Group, Brooklyn Med toil 
Group. Central Bronx Medical Group, Central Brooklyn Medical 
Group. Central Manhattan Medical Group, Central Nassau Modi- 
cal Group, Circle Manhattan Medical Group, East Bronx Medical 
Group, East Nassau Medical Group, Empire Medical Group, 
Jamaica Medical Group, Kings Highway Medical Group, Lower 
Manhattan-Gramercy Medical Group, Metropolis-Hudson Medi¬ 
cal Group, Montefiore Medical Group, New York Medical Group, 
Queens Boulevard Medical Group. Upper Manhattan Medic*! 
Group, Upper Queens Medical Group, Washington Heights Medi¬ 
cal Group, and Yorkville Medical Group. 

Members of the central staff are Maurice Pomeran?.. MD. File- 
man A. Lopez, MD, Mortimer J. Lecher, MO, Stanley Grass, MD, 
Raymond Fink, PhD, Herbert Levine, DSc, Wanda Venet, RN, 
and Nonna Gel man. Robert L. Egan, MD. and J. Gershon-Cohen, 
MD, are cosultant radiologists. Carl Braestrup and Richard T, 
Mooney assisted in standardisation of radiologic equipment. 
George Hutchison, MD. is consultant, epidemiologist. 

The Administrative Advisory Committee consists of Theodore 
Barnett. MD, Hyman E. Bass, MD, Alan R. Bleich. MD, Edward 
E J emeriti, MD, Sidney Tipton, MD. and Conrad Rosenberg, 
MD, Members of (he Scientific Advisory Committee are John P. 
Lindsay, MD, Eugene P, Pendergrass, MD. I. S. Ravelin. MD, 
Michael B Shim kin, MD, E. G, White, MD, and Warren Winkeh 
stein. Jr., MD. 


References 


1. Shim kin, MB.: Cancer of the Breast, JAMA 163:358-361 
(Feb 2) 1963, 

2. Ferber, 11., et al; Cancer in Nc lu York State, Exclusive of 
New York City . 1942—2960: A Review of Incidence, Mortality. 
Probability, and Survivorship, Bureau of Cancer Control, New 
York State Department of Health, Albany, 1962, p 357. 

3. Cutler, S.J., et al: Survival of Breast-Cancer Patients in Con- 
neclicul, 1935-M. J Not Cancer Inst 23:1137-1156 (Nov) 1959. 

4. Bragg, K.; Linden, G.; and Breslow, L.: The California 
Tumor Registry: A Summary Report on the Cancer Experience 
in 36 Hospitals* Calif Med 87:160-188 (Sept) 1957, 

6. Ederer, F., et al: Causes of Death Among Long-Term Sur¬ 
vivors From Breast Cancer in Connecticut, J Nat Cancer Inst 
3<b933-947 (May) 1963. 

6, Day, E., and Venet, L-r "Periodic Cancer Detection Exami¬ 
nations OS a Cancer Control Measure;" in Fourth National Cancer 
Conference Proceedings, Philadelphia: J. B, Lippkncott Co., 1961, 
pp 705-707. 


7. Shaken, D.B.; Santoro, B.T.; and Wagensteen, O.W-: "Peri¬ 
odic Examinations of the Breast,” in Fourth National Cancer 
Conference Proceedings, Philadelphia: J. B. Lippincott Co,, 1961. 
pp 225-227. 

8. Holleb, A.I., et al: Breast Cancer Detected by Routine Physi¬ 
cal Examination, New York J Med 60:323-827 (March 15) 1963- 

9. Vital Statistics of the United States, National Center for 
Health Statistics, Public Health Service, 1086-1963, 

10. Gershon-Cohen, J.; Hemici, M.B.; and Berger, S.M.: De¬ 
tection of Bseast Cancer by Periodic X-ray Examinations. JAM A 
176:11144116 (July 1) 1961. 

11. Egan, R.L.: Mammography, An Aid to Diagnosis ot Breast 
Carcinoma. JAMA 182:839-843 (Nov 24) 1962, 

12. Clark, R.L., ci al: Reprodooibility of (be Technic of Mam' 
mography (Egan) for Cancer of the Breast, A met J Surg 109:127’ 
133 (Feb) 1965. 

13. Dorn, H.F., anti Cutler, S J.; Morbidity From Cancer in the 
United States. Public Health Monograph No. 56, publication 590, 
Public Health Service, 1959. 


iia 


JAMA. Feb 2S. 1966 * Vo! 195, No 9 



625 


8.5 Xerography of the breast 


John N. Wolfe 


John N. Wolfe became a physician by accident and a radiologist by an even greater 
accident. After being drafted into the US Army in 1942, he was sent for basic train¬ 
ing in the infantry. Towards the end of that period the Army gave a number of 
people a test, particularly those who had been drafted out of college. The US Army 
thought there were not enough engineers being trained. Wolfe was selected to be 
sent to college to study engineering and he spent one year at the University of 
Georgia at Athens, USA at the engineering school. At the end the Army made a 
new decision that there were not enough physicians and Wolfe passed this test too 
and started his career in medicine. 

The army sent him to premed training at the University of Mississippi at 
Oxford, and then he started medical school at the University of Tennessee, 
Memphis. At the end of the war he was discharged and transferred to Western 
Reserve. In 1949 John N. Wolfe graduated from Western Reserve University 
Medical School. His internship was served at the Ohio State University (1949- 
1950). During his internship, he took advantage of a program whereby a salary of a 
second lieutenant was paid in exchange for joining the Air Force for two years. 
After his internship he was sent to the US Air Force Base in Great Falls, Montana. 
The day after his arrival he was informed that the radiologist has just left and he 
would be the radiologist and would be in charge of the outpatient service. Asndso 
began his career in radiology. Having no knowledge of radiology, and having slept 
through every X-ray conference during medical school and after qualification, he 
did his best to learn everything. 

In 1952 Wolfe started his residency in radiology at the Wayne State University, 
Detroit. Wolfe became instructor in Radiology in 1955 at the University of 
Southern California, LA Country General Hospital. In 1957 he became radiologist 
at the Hutzel Hospital, Detroit, Michigan. Shortly after starting work he took a six- 
month leave of absence to learn radiation therapy. He attended the Karolinska 
Institute in Stockholm for three months studying pelvic tumors and then attended 
the Curie Foundation in Paris to learn more about pelvic malignancies and malig¬ 
nancies in general. In 1967 Wolfe became Chief of Radiology at the Hutzel 
Hospital. It was here where he developed his ideas of using xeroradiography in 
mammography. 

Picture and information courtesy RH Gold, MD, Dep. Radiology Science UCLA, 
2004. 
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Xerography of the Breast 1 

JOHN N. WOLFE. M.D. 


X erograms of the breast have the follow¬ 
ing advantages over film mammograms: 
(a) they are easier to interpret; ( h ) they 
require less radiation to produce than 
Eastman Kodak "M” film mammograms; 
(i c ) they afford greater detail; ( d ) they are 
probably more accurate; (e) xerography is 
a dry process; (f) the finished product is 
obtained more quickly and with greater 
ease. 

The most important feature is that they 
are easier to interpret. Properly set-up 
xerograms could probably be read in a 
screening program at the rate of 4-5 cases 
per minute, whereas in a similar program 
film mammograms were read at a rate of 
15-20 cases per hour (16). 

An additional advantage of xerography 
is that all parts of the breast are clearly 
shown with one image. Some workers in 
mammography believe that two x-ray films 
of different densities are required to delin¬ 
eate all structures (17, 18). It is my 
opinion that xerograms are more accurate, 
although I have not conducted a carefully 
controlled study to prove this (10, 13). 

The essential part of xerography is the 
"plate,” which consists of a sheet of alumi¬ 
num, 10 X 17 inches, coated with a thin 
layer of selenium and encased in a wooden 
"cassette, ” complete with a dark slide to 
protect it from light. The plate is used as 
one would an x-ray film insofar as perform¬ 
ance of the examination is concerned. 

REVIEW OF THE LITERATURE 

Investigators at St. Vincents Hospital, 
New York City, have published three 
papers on xerography of the breast (4, 10, 
13). The first was a description of the 
early experience with a small number of 
patients. The second paper was more 
complete and explained in detail the xero¬ 


graphic principle and the equipment avail¬ 
able. The technic was discussed, together 
with some shortcomings that had become 
apparent. The last paper from this group 
summarized the experience gained from 463 
breast examinations. When results were 
compared, xerography and roentgenog¬ 
raphy were exactly the same in accuracy of 
diagnosis of malignant disease. 

Other papers on xeroradiography, de¬ 
scribing its use in aspects of radiology other 
than mammography, include two by Roach 
and Hllieboe. Their first article, which 
was of an introductory nature, explored the 
use of the procedure in the event of an 
emergency created by the explosion of an 
atomic bomb. They also discussed the 
physical aspects of the procedure and the 
results of early clinical testing (11). Their 
second article called attention to the rela¬ 
tively slow "speed” of xeroradiography in 
comparison with conventional roentgenog¬ 
raphy performed with "fast” film and in¬ 
tensifying screens (12). 

Hills et al. (6) noted the slow speed and 
low contrast of xeroradiography but also 
cited the great detail possible with preserva¬ 
tion of all structures of varying densities. 
Oliphant (9) described briefly the apparatus 
and method of use and noted the great 
detail attainable. Farmer^ al. (3) utilized 
the process in radiation-treatment planning 
and cited its advantages in recording all 
tissue densities. 

There are numerous articles on xerog¬ 
raphy and xeroradiography in nonradio- 
logical literature. McMaster (7) has writ¬ 
ten a very readable account on all technical 
aspects; included is a historical review of 
the basic principle, its discovery and patent 
by Charles F. Carlson in 1937, and its 
subsequent development by the Battelle 
Corporation. 


1 From the Department of Radiology, Hutzel Hospital, Detroit, Mich. Presented at the Fifty-third Scientific 
Assembly and Annual Meeting of the Radiological Society of North America, Chicago, Ill., Nov. 26-Dec. 1, 1967. 

Supported by grants from the USPHS Cancer Control, Michigan Cancer Foundation, and Hutzel Hospital 
Research Fund. 

Radiology 91 ; 231-240, August 1968. (V.G.B.) 


231 




8.5 Xerography of the breast 


627 


232 


John N. Wolfe 


August ia&s 


m xmRmooQwme worn 

mcmmic moving 

CHAKOt IlfGlI VOLTAOL 

* mom source; 

STLP 1 

CHARGING THE 
PIATE ON mm 


mp n 

X RAV EXPOSURE 


STEP m 

OEVELOPMENT- 

Fig. 1. Xerography is possible because selenium is a 
photoconductor. An electrostatic charge placed on its 
surface will remain in an absence of radiant energy. 
X rays make the selenium conductive perpendicularly. 
After exposure there is a residual charge pattern which 
may be made visible by "developing” with a negatively 
charged, pigment-containing powder. 

TECHNICAL CONSIDERATIONS 

Technical considerations that concern 
the radiologist are speed, contrast, and 
artefacts, which are interrelated, and dark 
decay. 

The speed of the plate is a function of 
the number of carriers created within the 
selenium during exposure to x rays. This 
is proportional to the number of atoms of 
selenium present for interaction with the 
x rays (selenium thickness) and also to how 
close the radiant energy is to 12-13 kilo¬ 
volts, which is the amount of force required 
to remove an electron from the k shell of 
the selenium. X rays significantly higher 
than 12-13 kilovolts are likely to pass 
through the plate without interaction. 
Very tliin layers of selenium will be sig¬ 
nificantly slower than thick ones, as x rays 
will be more likely to escape through the 
photo-conductive layer without interaction. 

We note an increase in speed and contrast 
in the following situations; (a) a thick 
selenium layer, as opposed to a thin one; 
(^) replacement of the aluminum dark slide 
of the cassettes (1/35 inch) with one made 


SCLCMUM 

—gB3 "E3F* ".' lavp? 

“ - GROUNPEP 


VARIATIONS in 
X- RAY flux 


uitni mutt 


CHAMP 
TOWDl R 


of plastic (1/16 inch); (c) reduction to 
30-32 kV with 900 mAs, as compared to 
40-42 and 150 mAs. These factors affect 
contrast in that background color is di¬ 
minished by more complete loss of the 
initial plate charge in the areas of exposure 
where there is no breast. 

Contrast is also related to initial plate 
voltage and the amount of exposure. The 
higher the initial voltage, the greater the 
contrast. Too high plate voltage will re¬ 
sult in 0.1 to 0.5-mm areas where no powder 

mmmm adjacency mcr 
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Fig. 2. Fringing electric fields around differences in 
potential effectively increase the charge. A heavier 
deposition of powder occurs at the edges of masses. 

is deposited (powder deficient spots). 
These are unimportant outside the image 
area; their presence to a severe degree in it 
can destroy the xerogram's value. 

Overdevelopment with the blue plastic 
powder will diminish contrast. The opti- 
mum is just enough developer to record all 
areas of interest with minimum back¬ 
ground. There is competition between 
breast structures and background for the 
developing powder, and the stronger fields 
depicting dense structures are developed 
first, to a degree. Slow development— 
small amounts of powder over long 
periods of time (fifty seconds)—appears 
better than fast development with large 
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amounts of powder and ten to fifteen sec¬ 
onds, 

DARK DECAY 

Dark decay is an exponential loss of plate 
charge. This is due in part to cosmic radi¬ 
ations, free ions in the air, and the fact that 
selenium is not perfect in its resistivity. 
The decay is slight but is most marked 
immediately after plate charging. One 
cannot delay unnecessarily between plate 
charging, exposure, and development. 
These need not take more than three to 
four minutes at most, 

EQUIPMENT 

The equipment has been described by 
Ruzicka el al. (13), It was built in 1955 
for field trial. The construction is such 
that there can be no large-scale use of this 
technic until more reliable and semiauto- 
mated machines are available. A design 
requiring only 2 or 3 manual steps and a 
finished product available in a minute or 
so is practicable, 

TECHNIC 

From the foregoing discussion, it is 
obvious that the best xerograms are ob¬ 
tained with low kilo volt age, high mAs, and 
slow developing. The beam should not be 
filtered any more than is unavoidable, 
either before or after striking the breast, 
A slice of breast tissue imbedded in plastic 
in which were placed small flakes of alu- 
minum hydroxide (prepared by Dr. Robert 
Egan) was examined in studies with various 
factors. There is no significant loss in 
detail as one goes from 900 to 300 mAs 
(Fig. 3). 

Twenty-four to thirty-two kilovolts and 
600 mAs at 32 inches produce an image of 
good quality. These factors will vary ac¬ 
cording to the character of the selenium 
plates made available in the future. 

TECHNICAL DIFFICULTIES 

Damage to the xerographic plates during 
handling is likely to occur with present 
technics because the plates have to be 
manipulated a considerable number of 
times during processing. The surface of 



Fig. 4. Slight mammary dysplasia in 25-year-old 
woman. 


the selenium is readily scratched, which will 
leave a permanent artefact. Semi-auto¬ 
mated equipment would alleviate this prob¬ 
lem by permitting the plate surface never 
to be exposed. 

Humidity and subsequent clumping of 
the developing powder was a problem early 
in the investigation. This was solved by 
discontinuing the use of the air compressor 
furnished with the equipment for driving 
the powder and substituting a tank of dry 
nitrogen with a reducing valve and operat¬ 
ing it at 50 p.s.i. 

Leaks around the orifice of the develop¬ 
ing unit in which the xerographic plate 
rests produced a deposition of clumps of 
powder around the periphery of the plate. 
These are troublesome but, because of their 
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August 19GS 



Fig. 5. B. For legend please see Fig. 5 t A, on opposite 
page. 


distribution and large number, are not 
mistaken for calcifications. 

A loss of contrast occurs if the develop- 
ing unit accumulates a considerable amount 
of used developing powder, and it must be 
cleaned after about ten hours of operation. 
The powder is reusable. 

Artefacts on the images occur if the 
cover used to protect the plate from light 



Fig. 6, B. For legend please see Fig. 6, on opposite 
page. 



Fig. 5. D. For legend please sec Fig. 5, C, on opposite 
page. 


is sufficiently indented to touch the sele¬ 
nium surface after it is charged. This 
immediately discharges that area, and no 
powder will be attracted to it. 

Difficulties have been encountered with 
the relaxing unit with the appearance of 
"ghosts” on the plates during subsequent 
examinations. Slight motion has occurred 
in the transfer unit during passage of the 
plate and paper through it, producing a 
blurring of the image. Wires have been 
broken by insertion of plates into the charg¬ 
ing unit due to excessive canting of the 
plate. Uneven heat distribution in the 
fusing unit that is used to fix the powder 
image onto the plastic-coated paper has 
resulted in an uneven fusion. A change in 
plastic-coated paper at one time resulted in 
a supply that was too tacky, would not fuse 
properly, and gave poor images. It is 
apparent from the foregoing that major 



Fig. 6. D. For legend please see Fig . 6, C, on page 237 . 
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Fig, 5. A (left) and C ( above ). Scirrhous carcinoma. 
Note detail of retractions about the cancer obtainable 
by xerography over and above that recorded on the 
conventional him mammogram. 

Fig, 6. A (below). Comedo carcinoma occupying 
about one half of the breast. The general architecture 
is depicted well on the xerogram. 
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Fig. 



C Area of the cancer magnified (2x), illustrating the superior ability of xeroradiography to demon¬ 
strate tumor calcifications. 



Fig. 7. A. Circumscribed carcinoma, small mass more readily identified on xerogram. 


v 


■ £:.:%>■ V v-:^ 



Fig. 8. A. Scirrhous carcinoma very evident on both examinations. 


237 




632 


Chapter 8 Mammography 


Vol. 91 


Xerography of the Breast 


239 


difficulties have been encountered with 
nearly every component of the equipment. 
Many were solved by experience. The 
main ones were overcome by the coopera¬ 
tion of the Xerox Corporation in refitting 
and bringing into good operating order the 
various components, 

EXAMPLES 

Examples are shown to illustrate all of 
the features of xeroradiography. The cases 
are selected to include both benign and 
malignant disease; the three commonly 
encountered forms of the latter—comedo, 
scirrhous, and circumscribed—are shown. 
Film mammograms for comparison were 
made simultaneously on Eastman Kodak 
“M” film by placing it on top of the xero¬ 
graphic cassette. The technic in the case 
presentations was 30-32 kV and 1200 mAs 
and 32 inches. The xerograms are not 
considered optimum, as all were made with 
an aluminum dark slide and many with 
thin selenium plates (Figs. 4-8)- 

DISCUSSION 

A comparison between this evaluation 
and that of the workers at St. Vincents 
Hospital is interesting to detail because of 
certain basic differences in approach 
(Table I), The changes were made 
because the physical properties of selenium 
make it more sensitive to low kilovoltages. 

A comparison of xerograms and Eastman 


Table I: Comparison of Two 
Xerographic Technics 


St. Vincents 
Hospital 

Hutzel 

Hospital 

Kilovolts 

mAs 

Latitude of exposure 
Contrast 

Technical difficulties 

Medium 

Low 

Wide 

Low 

Many, all 
aspects 

Low 

Medium 

Narrow 

Medium to high 
Many, all 
aspects 

Table II: Comparison of Xerograms to Eastman 
Kodak "M” Film Mammograms 

Speed 

mAs required for 
good image 
Latitude of 
exposure 
Contrast 

Faster than “M" 

Less than "M” 

Narrow, but greater 
than "M 5 ' 

High, but less 
than “M” 




Fig. 8. B. For legend please see Fig , 8, A, on page 237 . 


Kodak "M” film mammograms, also of 
interest, is made in Table II. 

CONCLUSION 

Xerography is a simpler method of exam¬ 
ination of the breast than that done with 
conventional x-ray film. It is my belief 
that more information can be obtained from 
a single xerogram than from any single film 
mammogram. With good technic, xerog¬ 
raphy will afford a more accurate examina¬ 
tion, but, most importantly, it is more 
readily interpreted. The development 
awaits reliable equipment. 

Acknowledgment: My greatest indebtedness is 
to radiologists closely associated with mammog¬ 
raphy who have encouraged and supported this work. 
Dr. John Martin, Houston. Texas, recognized before 
me some of the basic advantages of xerograms of the 
breast after only a brief encounter with it. 

The cost of producing the xerograms in color was 
assumed by the Xerox Corporation. Figures I and 
2 were furnished by Xerox Corporation. 
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Summary A randomised controlled trial to investigate 
the efficacy of mass screening with single- 
view mammography in reducing mortality from breast cancer 
was started in Sweden in 1977 . 162 981 women aged 40 years 
or more and living in the counties of Kopparberg and 
Ostergotland were enrolled in the study and divided at 
random into 2 groups. Each woman in the study group was 
offered screening every 2 or 3 years depending on age. 
Women in the control group were not offered screening. This 
report is confined to the 134 867 women aged 40-74 years at 
date of entry. The results to the end of 1984 show a 31 % 
reduction in mortality from breast cancer and a 25 % 
reduction in the rate of stage II or more advanced breast 
cancers in the group invited to screening. 7 years after the 
start of the study the excess of stage I cancers in the study 
group largely outweighs the deficit of advanced cancers. 

Introduction 

In 1977 , the Swedish National Board of Health and 
Welfare started a randomised controlled trial in 2 counties to 
determine to what extent mass screening with single-view 
mammography could reduce mortality from breast cancer. It 
started in October, 1977 , in Kopparberg and in May, 1978 , in 
Ostergotland. We present the first results of the study to the 
end of 1984 . 
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Methods 

A total of 162 981 women aged 40 years or more at randomisation, 
from Kopparberg and Ostergotland counties, entered the study. 
The randomisation took place at the community level rather than at 
individual level. 1 For this purpose the combined population of the 
2 counties was divided into 19 blocks selected to give relative 
socioeconomic homogeneity within each block. All women over 40 
from a given block entered the study at the same time. The date of 
entry is taken as the date of randomisation. In Ostergotland each 
block was divided into 2 units of roughly equal size; I, chosen at 
random, was allocated to receive screening, and the other was 
allocated to the control group. In Kopparberg each block was 
divided into 3 units of roughly equal size, 2 of which were randomly 
allocated to receive screening and 1 to the control group (table i). In 
Kopparberg the control group is only half the size of the study 
group. Women over 74 years of age were invited to screening, but 
the compliance rate was less than 50%. This report is confined to the 
134 867 women aged 40-74 at randomisation who had not received 
surgery for breast cancer before randomisation. Women in the study 
group aged 40-49 at date of entry were invited to screening on 
average every 24 months, and women aged 50 or more at entry were 
invited on average every 33 months. Individual letters of invitation 
were sent out at each screening round to all women in the original 
cohort still living in the county. The first 2 screening rounds have 
been completed for all age-groups in both counties. The compliance 
rate for the 2 counties combined is given in table n. The difference 
between the number of women invited at the first and second rounds 


TABLE 1—NUMBER OF WOMEN INCLUDED IN THE STUDY IN THE 2 
COUNTIES BY AGE AT ENTRY 



Study group 

Control group 

Age- 

Oster- 

Koppar- 


Osier- 

Koppar¬ 


group 

gdtland 

berg 

Tota) 

got land 

berg 

Total 

40-49 

10 312 

9625 

19 937 

10 625 

5053 

15 678 

50-59 

! I 918 

11 363 

23 731 

11 416 

5632 

17 043 

60-69 

1 1 646 

12 153 

23 799 

10 920 

5674 

16 594 

70-74 

5158 

5410 

10 563 

4975 

2487 

7462 

(575 

Total 

7967 

8338 

16 305 

7997 

3312 

11 309)* 

40-74 

39 034 

39 051 

73 085 

37 936 

18 846 

56 782 


*Not included in the present analysis because compliance was poor. 


TABLE 11 —COM PL1 ANCE RATE WITH THE SCREENING PROGRAMME IN 
THE COUNTIES COMBINED 




1st screening 


2nd screening 

Age- 

group 

Invited 

Partici¬ 

pated 

Atten¬ 
dance 
rate (%) 

Invited 

Partici¬ 

pated 

Atten¬ 
dance 
rate (%) 

40-49 

19 937 

18 581 

93-2 

19 475 

17 378 

89-2 

50-59 

23 781 

21 331 

91■8 

22 969 

20 135 

87<7 

60-69 

23 799 

20 920 

87-9 

22 484 

18 187 

80-9 

70-74 

10 568 

8313 

78* 7 

9573 

6400 

66 8 

Total 

78 085 

69 645 

89-2 

74 506 

62 1Q0 

83-3 
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TABLE III - WOMAN YEARS OF OBSERVATION* IN THE 2 COUNTIES 
COMBINED BY YEAR OF FOLLQWUPf 


Time (mo) since date of entry 


- 

0-11 

12-23 

24-35 

36-47 

48-59 

60-71 

72-83 

84- 

Total 

Control 

group 

56 732 

56 293 

55 299 

54 495 

51 665 

39 259 

17 275 

2948 

334 016 

Study 

group 

76 035 

77 346 

76 004 

75 075 

71 359 

54 760 

27 960 

5681 

466 272 


*The date of exit from the study is taken as the end of the year oflast follow-up. 
f Women aged 40-74 at entry. 


gives the number of women from the original cohort who had died 
or left the county in the intervening period. All eligible women in 
the study group have received at least 2 invitations, and some 
women under 50 years of age have already received 4. The woman- 
years of observation in the study and control groups are given in 
table in 3 by year of follow-up. The average length of follow-up since 
date of randomisation is 6*0 years, 

13% of women in the control group had a mammographic 
examination as part of routine medical care up to the end of 1984. 
Most of these examinations were in 1983-84. 

The only screening modality used was mammography with the 
single medio-lateral oblique view. 2 Details of the technique and the 
organisation of the programme are given elsewhere. 1,3,4 Nationwide 
cancer registration permits identification of breast-cancer cases 
even among women who have migrated out of the counties, and all 
deaths in the cohort were obtainable from the National Bureau of 
Statistics. The small number of subjects who have left Sweden were 
the only ones who could not be traced. A death was classified by 
members of the local project groups as being due to breast cancer 
only after a full review of the clinical and pathological records. 
When the cause of death was doubtful the records were reviewed by 
a combined committee from the 2 counties. The statistical analysis 
with Mantel-Haenszel techniques w T as based on individuals. The 
excess variation resulting from randomisation being at the 
community rather than the individual level was negligible. Analyses 
were stratified by county and age. Stratification by county was 
necessary because the dates on which screening started and the 
proportion of women allocated to screening were different in the 2 
counties. 


Results 

Compliance at first screening was 89%. The numbers of 
women in the study and control groups with breast cancer 
diagnosed between randomisation and Dec 31, 1984, are 
given in table IV by stage of disease at diagnosis. In the study 
group there is a highly significant reduction (25%) in the 
absolute rate of stage II or more advanced cancers (p<0 ■ 001, 
table V). This deficit is more than outweighed by the excess in 
the study group of stage I and in-situ cancers. 

Fig 1 shows the evolving cumulative number of stage II or 
more advanced cancers in the study and control groups (the 
number of cases in the Kopparberg control group has been 
doubled to allow for the control-group size). Since the 
number of cases in the study population is a mixture of 
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TABLE V-COMPAfUSQN BETWEEN THE STUDY AND CONTROL GROUPS 
OF THE RATES OF STAGE II AND MORE ADVANCED CANCERS* 



Kopparberg county 

OstergGtland county 

_ 

Stage II + 

Population 

Stage 11+ 

Population 

Study group 

228 

39 051 

181 

39 034 

Control group 

151 

18 846 

225 

37 936 


Xi*~ 15 0 (p<0 00L). Relative risk=0■ 75. 
95% confidence interval (0-65, 0*87), 
*Women aged 40-74 at entry. 



Fig 1— Cumulative number of women with stage II or more advanced 
breast cancer by time since randomisation, women aged 40-74 at 
entry. 


The figures for the control group are adjusted for the different size of the 
control group in Kopparberg county. 


prevalent and incident cases* rates related to woman-years at 
risk were nor calculated. The concavity of the curves in the 
last 3 years of follow-up reflects the failing number of woman- 
years at risk. The number of deaths from breast cancer in the 
study and control groups is shown in table VI by county. 
Overall there is a 31% reduction in mortality in the study 
group (p “ 0 * 013* 2-sided test). The cumulative mortality rate 
in rhe study and control groups is shown in fig 2. The 
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TABLE VI—DEATHS FROM BREAST CANCER IN STUDY AND CONTROL 
POPULATIONS* 



Kopparberg county 

Osiergotland county 

Deaths 

Popula¬ 

tion 

Relative 

risk 

Deaths 

Popula¬ 

tion 

Relative 

risk 

Study group 

51 

39 051 



36 

39 034 






O'63 



| 0-74 

Control group 

39 

18 846 



47 

37 936 



Combined y, J on 1 d f- 6 ■ 17* p * 0 1 013 (2-sided). 

Combined estimate of relative risk=0 , 69 > 95% confidence interval (0*51, 
0*92). 

* Women aged 40- 74 at entry. 


^fertility 5 

rile- per SO 



Fig accumulative mortality rates per 10 J women by time since 
randomisation in the study and control groups* women aged 40-74 
at entry. 

The cumulative number of deaths is shown alongside the curves; the figures 
for the control group are adjusted for the different size in the control group in 
Kopparberg. 


difference between both groups began to emerge 4 years after 
the date of randomisation and has steadily widened since. 
The numbers of deaths are also given in fig 2, with the 
Kopparberg control numbers doubled, as in fig 1. 

Table VII gives the difference in mortality between the 
study and control groups for the 40-49 and 50-74 age- 
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TABLE VII—DEATHS FROM BREAST CANCER BY AGE AT ENTRY 



Kopparberg county 

Ostergotland county 


- 

Death^ 

Population 

Deaths 

Population 

- 

Age-group 

40-49: 






Study 

8 

9625 

8 

10 312 

Combined y, 1 

Control 

Age-group 
50-74: 

3 

5053 

7 

10 625 

= 0-31 

Relative risk 
“1-26,95% 
confidence 
interval 
(0 *56, 2 84) 

Study 

43 

29 426 

28 

28 722 

Combined x i J 

Control 

36 

13 793 

40 

27 311 

= 9-14 
p = 0- 003 
(2-sided) 
Relative risk 
-0-61 95% 
confidence 
interval 
(0-44,0-84) 


groups. Inthe50-74 age-group, there is an overall reduction 
in mortality of 40% (p~0-003), In the 40-49 age-group no 
reduction has yet been observed* but the confidence interval 
is wide. 


Discussion 

This is the first randomised trial to show a reduction in 
mortality from breast cancer after mass screening since the 
Health Insurance Plan of New York (HIP) study, 5 We used 
single-view mammography only, whereas complete 
mammography with physical examination was used in the 
HIP study. Also, we had a longer interval between 
consecutive screenings. Even with an interval of nearly 3 
years the reduction in mortality in the 50-74 age-group is 
similar to that in the HIP study for the 50-64 age-group, in 
which annual screening was used. 

2 non-randomised studies, 6,7 one of which used mam¬ 
mography alone jbut with a shorter interval between screen¬ 
ings, 6 support our results. The reduction in mortality closely 
parallels the reduction in the number of stage II or more 
advanced cancers diagnosed in the study population, 
compared with the control group. In over 90% of patients 
who have died breast cancer was diagnosed at an advanced 
stage. The fall in stage II or more advanced cancers has arisen 
even though a large number of such cases were diagnosed at 
the first screening round, most of which were in the 60-74 
age-group. 

The lack of effect on mortality, even with more frequent 
screening, in the 40-49 age-group may be explained by the 
small number of deaths seen so far in this group. In formal 
statistical terms the effect is not different from that in the 












644 


Chapter 8 Mammography 


S 

50-74 age-group, since the confidence interval for the effect 
includes the relative-risk estimate for the older age-group. It 
corresponds, however, with a similar absence of effect in this 
age-group in the HIP study after 7 years of follow-up. Further 
follow-up of this group in the HIP study eventually 
demonstrated a reduction in mortality. 8,9 There is still a 30% 
excess of invasive cancers diagnosed in the study group, 
compared with the control group (13*7 per 1000 and 10 *5 
per 1000, respectively, table IV), whereas in the HIP study the 
number of these cancers in the 2 groups had equalised 5 years 
after entry to the study. 8 This difference suggests that cancers 
are detected at a considerably earlier stage with modern 
mammography than they were with the detection methods 
used 15 to 20 years ago, and this may be of considerable 
importance for the mortality rates in the study group. It is 
possible that some of the excess cancers might never have 
surfaced clinically. Consideration of the incidence of interval 
cancers (ie, those occurring between screenings) should 
determine whether the deficit of cancers in the years after a 
negative screening examination corresponds to the numbers 
detected at screening and will be the subject of a future 
publication. 

The present findings, together with the studies from New 
York and the Netherlands, show that early detection is 
effective in reducing breast cancer mortality. 

Correspondence should be addressed toL. T., Mammography Department, 
Central Hospital, 79 182 Falun, Sweden; or G. F., Mammography 
Department, University Hospital, 38185 Link&ping, Sweden. 
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Dr. Ralph Smathers was born in Miami, Florida, USA in 1953. He graduated first in 
his class in 1974 from the University of Florida with special honors in Chemistry. 
He currently he is the owner and chief physician of Mammography Specialists 
Medical Group, Inc. in Los Gatos, California, USA. 

Dr. Smathers is board certified in Diagnostic Radiology and has specialized in 
breast imaging since 1985. He is former Chief of the Mammography Section of the 
Department of Diagnostic Radiology and Nuclear Medicine at Stanford University 
Medical School. He has been a Medical Director for two large outpatient breast 
imaging centers in northern California. He has personally read over 500,000 
breast imaging studies and participated in over 3,000 breast biopsies. He has 
authored many medical publications and created a comprehensive CD-ROM on 
breast imaging. He is a fellow in the Society of Breast Imaging and a member of 
the Radiological Society of North America. He has lectured internationally on 
breast imaging and has served as an expert witness in many medical legal cases 
related to breast imaging. 

Dr. Smathers was the first to publish an electronic mammography teaching disc 
for personal use. It first came out on laser video disc in 1987 and then on CD ROM 
in 1989. It was the first medical CD published by Lippincott Raven. It allowed the 
student to interactively study hundreds of images with full teaching write-ups. 
Today this is a routine idea but at the time it was ground breaking. He was moti¬ 
vated to do this because he felt the knowledge, expertise, and teaching files of 
some of his professors were lost when they died. Dr. Smathers wanted a way to 
preserve teaching knowledge - a goal which historians and archivists can appreci¬ 
ate. 

Picture courtesy Ralph Smathers MD, 2004. 
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Ralph L. Smothers, MD * Ellyn Bush, MA • John Drace, MD * Melvin Stevens, MD 
- F* Graham Sommer, MD * Byron William Brown,. Jr*, PhD * Bill Karras, MD 


Mammographic Microcalcifications: 
Detection with Xerography, Screen- 
Film, and Digitized Film Display 1 


Pulverized bone specks and alumi¬ 
num oxide specks were measured by 
hand into sizes ranging from 0.2 
mm to 1.0 mm and then arranged in 
clusters* These clusters were super¬ 
imposed on a human breast tissue 
phantom, and xeromammograms 
and screen-film mammograms of 
the clusters were made. The screen- 
film mammograms were digitized 
using a high-resolution laser scan¬ 
ner and then displayed on cathode 
ray tube (CRT) monitors* Six radiol¬ 
ogists independently counted the 
microcalcifkalions on the xero¬ 
mammograms, the screen-film 
mammograms, and the digitized- 
film mammograms. The xeromam- 
mograms were examined with a 
magnifying glass; the screen-film 
images were examined with a mag¬ 
nifying glass and by hot light; and 
the digitized-fiixn images were ex¬ 
amined by electronic magnification 
and image processing* The bone 
speck size that corresponded to a 
mean 50% detectability level for 
each technique was as follows: 
xeromammography, 0*550 mm; digi¬ 
tized film,.0.573 mm; and screen- 
film, 0,661 mm. We postulate that 
electronic magnification and image 
processing with edge enhancement 
can improve the capability of 
screen-film mammography to en¬ 
hance the detection of microcalcifi¬ 
cations. 

Index terms: Breast, calcification, 0-SI * Breast, 
radiography, 0J1 * Phantoms, 0.81 * Radiogra¬ 
phy, digital * Xeroradiography, 0.12 

Radiology 1986; 159:673-627 


S tudies have reported that xero¬ 
mammography can be used to 
detect smaller microcalcifications 
than can screen-film mammography 
(1, 2), We undertook this study to as¬ 
sess the capability of digi tal-image 
display and processing to enhance 
the detection of microcalcifications 
on screen-film mammograms. High- 
quality film digitizers have recently 
become available for use in clinical 
testing (3, 4). The laser scanner em¬ 
ployed in this study (Digirad System 
One) produces a high-resolution, 
2,048 X 2,048 data matrix from film 
radiographs, with 12 bits of pixel in¬ 
tensity. Because the detection of 
mammographic microcalcifications is 
one of the most technically demand¬ 
ing radiographic examinations (re¬ 
quiring both high spatial resolution 
and good contrast discrimination), 
such detection was considered to be a 
suitable test of the digital imaging 
system and its display monitor. Xero¬ 
mammography was performed to 
compare the enhancement of micro¬ 
calcification detectability using sele¬ 
nium plate technology with the de¬ 
tection capability of the digital 
imaging system. 

MATERIALS AND METHODS 

Speck Phantoms 

Dried human bone was pulverized and 
measured by hand (using an optical loupe 
with reticle) into specks ranging in size 
from 0.2 mm to 1.0 mm. Because alumi- 


] From the Division of Diagnostic Radiology, 
S 058D, Stanford University Medical Center, 
Stanford, CA 94305 (R.L-S-, E.B., I D., F.G S-, 
B.W.B.); the Palo Alto Medical Clinic, Palo 
Alto, Calif. (M.S.);and the El Camino Hospital, 
Mountain View, Calif. (EfK). From the 1984 
RSNA annual meeting. Received July 16, 1985; 
revision requested August 19; revision received 
December J9; accepted January 30,1986, Ad¬ 
dress reprint requests to R-L.S 
e RShiA, 1986 


num oxide specks have been used in oth¬ 
er phantom studies to evaluate microcal- 
cification detectability (1, 5), we included 
aluminum oxide specks in out evaluation 
for purposes of comparison. A total of six 
speck phantoms were made: three phan¬ 
tom patterns of bone clusters and three 
phantom patterns of aluminum oxide 
dusters. The clusters were separated by 
vertically oriented, thin aluminum bars 
(Fig. 1), The clusters and bars were then 
sealed between two pieces of transparent 
tape to create a phantom similar to that 
described by Sickles (1). The number of 
specks in each duster varied from five to 
12. The total number of specks in all three 
phantom patterns (referred to as X, Y and 
Z) for each speck type for each speck size 
was always 25- Three phantom patterns of 
each speck type were considered the 
minimum necessary to avoid bias as a re¬ 
sult of the location and number of micro¬ 
calcifications on any one image. Actual, 
speck sizes were as follows: 0,20 mm, 0.30 
mm, 0.35 mm, 0.40 mm, 0.45 mm, 0.50 
mm, 0,60 mm, 0.80 mm, and 1.00 mm. 
These nine different-sized specks were 
arranged in clusters on each phantom 
pattern in three rows of three columns, 
and the clusters were placed 0.6 cm apart 

Breast Tissue 

A mastectomy specimen from a patient 
with breast carcinoma was obtained after 
the specimen was fixed and sectioned by 
a surgical pathologist (5). The skin of the 
breast tissue was largely intact: only two 
areas were defective due to biopsy study. 
The manner of pathologic sectioning al¬ 
lowed the breast to be reoriented into a 
near anatomically correct configuration, 
The breast tissue was then placed in a 
transparent plastic bag containing form¬ 
aldehyde. Excess fluid and air bubbles 
were squeezed out of the bag by hand, 
and the bag was then sealed. The speci¬ 
men was placed in a holder that com¬ 
pressed the tissue between two wooden 
frames and flattened the tissue. This sim¬ 
ulated the compression applied by clini¬ 
cal mammographic units. The compressed 
tissue was 10 cm thick. A mammogram 
taken of this breast phantom confirmed 
that it was free of microcalcifications and 
had a moderate amount of glandular tis¬ 
sue. 


[Reprinted from RADIOLOGY, Vol. 159, No, 3, Pages 673-677, June 1986] 
Copyright 1986 by the Radiological Society of North America, Incorporated 
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1- 2a. 2b. 

Figures 1, 2. {1} Magnified area of speck phantom radiograph shows size range of several clusters of specks. Clusters are separated by verti¬ 
cally oriented, thin aluminum bars, (2) Speck phantom obscured by human breast tissue (a} Xeromammogram. Note intense edge enhance¬ 
ment of metal bars and slight edge enhancement of specks, (b) Screen-film mammogram. Wide range of glandular densities (anatomic noise) 
makes speck detection more difficult. 



a, b. c. 

Figure 3. Photographs of CRT display of digitized film mammogram (X4 electronic magnification), fa) Conventional gray scale display 
similar to original screen-film seen in Fig. 2b. fb> Reversed video display of a (preferred by some observers), (c) Digital image processing 
produces edge enhancement of specks and decreases anatomic noise of breast parenchyma 


Radiography 

The speck phantoms were alternately 
placed both above and below the breast 
phantom when the xeromammograms 
and screen-film mammograms were 
made. Positive-mode xeromammograms 
(Fig. 2a) were made using a Picker (Cleve¬ 
land) GX 600 with 40 kVp, 300 mAs, and a 
focal-spot-to-film distance of 91 cm. At 40 
kVp, this unit had a nominal focal spot 
size of 1.4 mm and a measured focal spot 
size of 1,5 mm. Added filtration of 1.0 
mm aluminum was used. The beam had a 
measured half-value layer (hvl) of 1 5 mm 
aluminum- A triple-phase generator was 
used. The exposure in air at 87 cm was 
605 mR (0.156 mC/kg). The screen-film 
mammograms (Fig. 2b) were made using 
a Senographe CGR SOOT triple-phase ded¬ 
icated mammographic device with a mo¬ 
lybdenum target, A 5:1 moving grid was 
used. Eastman OM-1 and Min-R screens 
were used. Exposure factors were 32 kVp, 
63 mAs, and a focaJ-spot-to-film distance 
of 65 cm. At 32 kVp, this unit had a nomi¬ 
nal focal spot size of 0.3 mm and a mea¬ 
sured focal spot size of less than 0.5 mm. 
Molybdenum filtration of 0,03 mm thick¬ 
ness was used to produce a beam with a 
measured HVL of 0,8 mm AI equivalent, 
The measured skin entrance exposure in 
air at 65 cm was 700 mR, A 90-second X- 
Gmatic film processor running at approx¬ 
imately 31* C was used. When a speck 


phantom was placed below the breast 
phantom, the distance from the specks to 
the film in the cassette was 1 cm. When a 
speck phantom was placed above the 
breast phantom, the distance was 11 cm. 


Film Digitizing 

The screen-film mammograms were 
scanned by the Digirad System One laser. 
Scanning time was 35 seconds. The trans¬ 
mitted laser light through the film was 
recorded for each point on the film. The 
beam size was 180 jum at full-width half¬ 
maximum. On each line sweep of the la¬ 
ser beam, 2,048 points were measured, 
The film was moved by a precision car¬ 
riage between each line sweep, and a to¬ 
tal of 2,048 lines were scanned. The field 
scan size used was 10 X 10 inches (the 
screen-film mammograms were 8 X 10 
inches). This process yielded more than 4 
million pixels per film and a density of 65 
pixels per square millimeter of film. In¬ 
cluding the 12 bits of intensity data per 
pixel, 6.3 megabytes of memory were 
used to store each full-resolution image. 
The computed image was displayed on 
three Electrohome 525 line monitors for 
viewing by the radiologists (Fig. 3). The 
viewing area was electronically magni¬ 
fied four times. The radiologists used all 
of the following options when they 
viewed the images: digital center level 



Figure 4. Schematic diagram of image pro¬ 
cessing used by digital filter algorithm to 
produce Fig. 3c. Laser scanner detects a 
"bright" signal A from a calcific density. 
Low-pass filter "smooths" signal A into sig¬ 
nal B. Subtraction of signal B from signal A 
produces eye-catching edge enhancement 
effect (see metal bars in Fig. 3c). High-pass 
filtration of signal A may be performed be¬ 
fore subtraction for further enhancement. 
(Reproduced, with permission, from [3],) 


and window width variation (similar to 
computed tomography [CT] dials) and im¬ 
age processing (Fig, 4), The image pro¬ 
cessing option used a combined high- 
and low-bandpass filter algorithm, which 
is similar to blurred-image subtraction 

(G). 
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Table 1 

Speck Size at 50% Detectability Level (D5Q) for Each Technique and Speck 
Phantom Location 


Speck Type 

Speck Phantom 
Location 


Technique 


Screen-Film 

(mm) 

Xe rci ma m mograph y 

(mm) 

Digitized Film 
(mm) 

Bone 

Under 

0.602 

0,518 

0.503 


Over 

0.721 

0.582 

0.638 


Mean 

0,661 

0.550 

0.573 

Aluminum 

Under 

0466 

0,466 

0.451 


Over 

0,467 

0.467 

0.458 


Mean 

0466 

0.466 

0.454 


Table 2 

Analysis of Variance 

Source of Variance 

P Value 

Significance’ 

Technique (screen-film, xeromammography, digitized film) 

<0.01 

Yes 

Speck type (bone, aluminum) 

< 0,0005 

Yes 

Position of phantom (over, under) 

<0.001 

Yes 

Technique and speck type 

<0.01 

Yes 

Technique and position of phantom 

> 0.05 

No 

Speck type and position of phantom 

Technique, speck type, and position of phantom 

<0,01 

Yes 

> 0.05 

No 

Interobserver 

< 0.0005 

Yes 


* Significant if P < .05. 
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Figure 5* Percentage of microcalcificaticms detected plotted 
against their size in millimeters (for xerography, screen-film, and 
digitized film). Curve for digitized film shifts to the left away 
from the screen-film curve, resulting in a smaller D50 value. D5Q 
can be approximated by interpolating from the curve at the 50% 
detection level to the abscissa corresponding to the size at which 
half of the specks are detected and half are missed (accurate deter¬ 
mination requires non parametric statistical analysis). 


Data Collection 

Six radiologists independently counted 
the microcalcifications contained in each 
duster between the aluminum bars. For 
each image, nine numbers were counted, 
which represented the number of micro- 
calcifications seen in each of the nine 
dusters. In the majority of images we ex¬ 
pected that, for the smallest clusters, none 
of the specks would be seen, and for the 


largest dusters, most of the specks would 
be seen. Each radiologist examined nine 
speck clusters on a total of 56 images (12 
from each technique; xeromammography, 
screen-film, and digitized film). For each 
technique, the 12 images were obtained 
by alternately placing the three speck 
phantom patterns (X,Y,Z) of each type of 
speck (aluminum and bone) under and 
over the breast phantom. 

Each radiologist therefore examined a 


Table 3 


Technique Comparisons 


Source of 
Variance 

P Value 

Signifi¬ 

cance* 

Xerc mammography 
superior to 
screen-film 

<0,01 

Yes 

Digitized film 
superior to 
screen-film 

<0.01 

Yes 

Xeroftt am mography 
Superior to 
digitized film 

>0.05 

No 


* Significant if P < .05. 


total of 324 speck dusters (nine clusters 
multiplied by 36 images). The six radiolo¬ 
gists varied considerably in their experi¬ 
ence with mammography. They included 
one chief resident, three assistant profes¬ 
sors, and two senior radiologists with spe¬ 
cial clinical experience in mammography. 
The radiologists performed the speck 
counts on the xeromammograms, on the 
screen-film mammograms, and on the 
digitized film cathode ray tube (CRT) im¬ 
ages on separate occasions within a peri¬ 
od of 3 weeks. All identifying marks on 
the images were obscured. 

Statistical Analysis 

The data sheets collected from the radi¬ 
ologists were decoded and entered into a 
statistical program. The percentage of mi- 
crocalci/ications detected to those actually 
present were plotted against the size of 
the microcalcifications seen. A sample of 
the resulting sigmoidal detection curve (a 
Logistic) is shown in Figure 5, Curve fit¬ 
ting was used to smooth each curve that 
resulted from the data, using a non para¬ 
metric procedure (7). The speck size that 
corresponded to a 50% detectability level 
(D50) was obtained for each smoothed 
curve by linear interpolation. The D50 
speck sizes are reported m Table 1 for all 
techniques. To determine whether one 
technique was superior to another, in the 
detection of microcalcifications at a statis¬ 
tically significant level, interobserver 
variation was taken into account using 
analysis of variance. The resulting P val¬ 
ues are reported in Table 2, and compared 
according to technique in Table 3. 

RESULTS 

Speck Type 

It was dearly demonstrated that 
for all techniques, all speck phantom 
positions, and all observers, alumi¬ 
num oxide specks were significantly 
easier to detect than pulverized bone 
specks. Although the effective atomic 
number of aluminum oxide is close 
to that of calcium hydroxyapatite and 
tdcaldum phosphate (5, 8, 9), there is 
an important difference in the em¬ 
pirical detectability between the two 
types of specks. 
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Positioning 

The detection of specks was signif¬ 
icantly enhanced when the speck 
phantoms were placed under the 
breast phantom rather than over it. 
Magnification of the images made 
under the breast phantom was 1.02. 
Magnification of the images made 
over the breast phantom was 1.14 for 
xeromammography and 1.22 for 
screen-film. The differences in mag¬ 
nification are due to the different fo¬ 
cal-film distances used for xeromam¬ 
mography (91 cm) and screen-film 
mammography (65 cm) both in this 
study and in clinical practice. The 
magnification used (under vs over) at 
the 50% detectability level had con¬ 
siderably less effect on the aluminum 
oxide speck phantoms than on the 
pulverized bone speck phantoms. 
This raises a serious question con¬ 
cerning the use of breast phantoms 
that contain aluminum oxide specks 
to test equipment and compare tech¬ 
niques. Bone particles may be pre¬ 
ferred to aluminum oxide specks for 
phantom testing, although the for¬ 
mer are somewhat more difficult to 
quantify due to the porosity of bone. 
Ground cortical bone is preferable to 
trabecular bone as a means to mini¬ 
mize porosity. 

Observer Variation 

The Spearman rank correlation co¬ 
efficient was used to assess the corre¬ 
lation between each observer's expe¬ 
rience and the amount of variation 
each observer noted from the mean 
D50 value for each technique (10). 
There was a significant difference be¬ 
tween the results reported by the ob¬ 
servers that did not clearly corre¬ 
spond to the radiologist's years of 
experience (P > .05). In analysis of 
the data, it was apparent that an im¬ 
portant observer variation resulted 
from the "threshold" factor of decid¬ 
ing whether to count any specks 
present or none present. The obser¬ 
vers' most difficult "decision" was to 
discriminate true signals from back¬ 
ground noise when the size of the 
speck was small enough to blend into 
the background noise of the image. 
The detection of microcalcifications 
dropped off rather abruptly below 
0.600 mm (Fig, 5), 

Technique 

The mean 50% detectability values 
obtained for the aluminum speck 
phantoms by all three imaging tech¬ 
niques showed no statistically signif¬ 
icant difference. For the bone speck 


phantoms, the D50 values obtained 
with xeromammography and digi¬ 
tized film were significantly better 
than the D50 value obtained with 
screen-film (Table 1). The difference 
in the D50 values between the xero¬ 
mammography and digitized film 
techniques was minimal and not sta¬ 
tistically significant. The standard 
deviations of the D50 values were de¬ 
termined for each technique and av¬ 
eraged (for bone and aluminum 
specks combined) for all observers 
and for each speck phantom location 
(over, under) as follows: xeromam¬ 
mography, ± 0.072; screen-film, ± 

0,115; and digitized film, ± 0.125. 

DISCUSSION 

Since detection of microcalcifica¬ 
tions is a critical factor in assessing 
the value of mammography in 
screening and diagnosing breast car¬ 
cinoma (11, 12), improving detection 
should improve diagnostic accuracy . 
Sickles (1) has stated that xeromam¬ 
mography depicts smaller aluminum 
specks than screen-film mammogra¬ 
phy, which is probably due to the 
former's inherent edge enhancement 
properties. However, screen-film 
mammography is currently used by 
many radiologists because it projects 
a lower radiation dose to the breast 
tissue, provides greater equipment 
reliability, and also because it has a 
wider dynamic range, which im¬ 
proves soft-tissue contrast discrimi¬ 
nation and facilitates detection of 
small noncalcified masses. Digitized 
screen-film mammography has the 
capability to combine the best fea¬ 
tures of both techniques (13). With 
the digitized image's high spatial and 
contrast resolution, the soft-tissue 
discrimination of screen-film mam¬ 
mography can be achieved and then 
surpassed by gray-scale variability. 
With the high-pass filter, the digi¬ 
tized image can produce edge en¬ 
hancement of microcalcifications to 
an exact and reproducible amount 
that can be specified by the operator 
to be more or less than that inherent¬ 
ly obtained by the xerographic sele¬ 
nium plate. Study has shown that 
specks can be detected at a much 
smaller size when they are not ob¬ 
scured by surrounding fibrous and 
glandular breast tissue (1), The capa¬ 
bility of the combined high- and 
low-bandpass filter algorithm to pro¬ 
duce edge enhancement of microcal¬ 
cifications while simultaneously di¬ 
minishing surrounding anatomic 
noise was found to be very useful in 
this study. This capability is similar 


to blurred mask subtraction (6) but is 
exactly reproducible with the digi¬ 
tized image, and the filter parameters 
can be varied to adapt to the density 
of the breast tissue. 

We advocate the use of the D50 for 
the quantification of speck detection. 
The D50 represents a well-defined 
statistical parameter similar to the 
LD50 (lethal dose for 50% survival of 
group) used for drug testing in ani¬ 
mals (bioassay and quantal response). 
It permits an objective comparison of 
results among investigators and 
should replace less precise descrip¬ 
tions, such as "the smallest visible 
speck" and "the smallest speck easily 
seen," From a study of Figure 5, one 
might suppose that "the smallest vis¬ 
ible speck" was located at the 10% de¬ 
tection level (D10) and was approxi¬ 
mately 0,30 mm or 0,40 mm, and that 
"the smallest speck easily seen" was 
located at the 75% detection level 
(D75) and was approximately 0.80 
mm. Obviously such wide variations 
in results would make comparisons 
meaningless, and standardization is 
therefore necessary. 

Clinical mammographers may be 
surprised that half of the bone specks 
smaller than 0,55 mm were not de¬ 
tected in this study, since microcald- 
fications of 0.30 mm are frequently 
found on routine mammograms. 
Testing with commercial phantoms 
may lead to the conclusion that, by 
using standard equipment, one can 
routinely find 0.30-mm specks. In a 
study using silicon-carbide granules 
unobscured by tissue, Arnold et al. 
(14) found that the "smallest" gran¬ 
ules depicted by four mammographic- 
screen-film systems were 0.29 mm in 
average diameter. Three important 
factors contributed to the apparently 
high D50 values in this study. 

First, aluminum oxide is used in al¬ 
most all commercially available 
phantoms. In this study, aluminum 
speck phantoms were found to have 
a D50 value of 0.46 mm, which was 
nearly 0.1 mm less than the D50 val¬ 
ue of the xerographic bone speck 
phantoms and 0.2 mm less than the 
D50 value of the screen-film bone 
speck phantoms. 

Second, specks are more easily de¬ 
tected when they are not obscured by 
breast tissue. The presence of 3-5 cm 
of compressed breast tissue will ob¬ 
scure many 0.3Q mm specks that 
would otherwise be readily detected 
in a free-standing phantom. The ana¬ 
tomic noise of fibrous strands and 
glandular tissue is particularly effec¬ 
tive in obscuring specks. 

Third, the smaller specks (0.2 mm 
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and 0.3 mm) seen on clinical mam¬ 
mograms may be only a fraction of 
those actually present in that size 
range. Magnification-specimen radi¬ 
ography often demonstrates many 
more m icroca Lei fi cat ions in breast tis¬ 
sue than are seen on preoperative 
mammograms. 

Prior to routine use of digitized 
images for clinical applications, fur¬ 
ther studies must be done to gauge 
the suitability of digitized images for 
use in diagnostic interpretation. This 
study primarily evaluated the spatial 
resolution of the film digitizer and 
image-display capability of the Di- 
girad System One for the detection of 
microcalcifications Contrast dis¬ 
crimination was also evaluated be¬ 
cause the full complement of digital 
information (12 bits of pixel intensi¬ 
ty) is available on-screen for exami¬ 
nation by the radiologist. The results 
support the conclusion that the de¬ 
tection of microcalcifications using 
screen-film mammography can be 
improved to equal that of xeromam¬ 
mography by image processing, gray¬ 
scale variation, and electronic magni¬ 
fication of the digitized film. Future 


research should address not only the 
processes related to improving detec¬ 
tion of microcalcifications but also 
the contribution of digital processing 
in characterizing microcakifications 
as benign or malignant (15,16), ■ 

Acknowledgment: We thank Joan Teo, Jerry 
Halperin, biostatistirian, Irene Balcar, M.D., So¬ 
lon Pcnfcelstein, M.D, the Palo Alto Medical 
Clinic, the El Camino Hospital, and the Digirad 
Corporation for their va luable assistance on 
this project. 


References 

1. Sickles EA. Mammographic detectability 
of breast microcalcifications. AJR 1982; 
139:913-918. 

2. Stanton L, VULafana T, Day JL, Lightfoot 
DA, Stanton RE. A study of mam ologra¬ 
phic exposure and detail visibility using 
three systems: Xerox 125, Min-K, and Xon- 
ics XERG. Radiology 1979; 132:455-462- 

3. Smathers RL, Brody WR. Digital radiog¬ 
raphy; current and future trends. Br J Ra¬ 
diol 1985,58:285-307. 

4. Sommer EG, Smathers RL, Wheat RL, Al¬ 
va rez RE, Brody WR, Cassel DM. Digital 
processing of film radiographs. AJR 1984; 
144:191-196. 

5 Egan RL, Fenn JO. Phantoms for evaluat¬ 
ing mammography techniques and roent- 
genographic detail. AJR 1968; 

102:936-940 

6. McSweeny MB, Sprawls P, Egan RL. En¬ 
hanced image mammography AJR 1983; 
140:9-14. 

7. Barlow RE, Bartholomew DJ, Bremmer JM, 
Drunk HD. Statistical inference under or¬ 
der restrictions. New York: Wiley, 1972. 


8. Burgess A. A ma m mogra ph i c qua I i ty as¬ 
surance test program. Radiology 1979; 
133:491-495 

9. Stanton L, Villafana T r Day JL, Lightfoot 
DA A breast phantom method for evalu¬ 
ating mammographic technique. Invest 
Radiol 1978, 13:291-297. 

ID. Brown BW, Hollander M. Statistics: a bio¬ 
medical introduction New York: Wiley, 
1977. 

I I. Moskowitz M, Gartside PS- Evidence of 
breast cancer mortali ty reduction: aggres¬ 
sive screening in women under age 50. 
AJR 1982; 138:911-916. 

12. McLelland R. Mammography in the de¬ 
tection, diagnosis and management of car¬ 
cinoma of the breast. Surg Gynecol Obstet 
1978; 146:735-74D. 

13. Nishikawa RM r Yaffe MJ. An investiga¬ 
tion of digital mammographic imaging. 
Proc SPIE 1983; 192-200 

14 Arnold BA, Webster EW, Kalisher L. 

Evaluation of mammographic screen-film 
systems. Radiology 1978; 129:179-185. 

15. Millis RR, Davis R, Stacey AJ. The detec¬ 
tion and significance of calcifications in 
the breast: a radiological and pathological 
study. Br J Radiol 1975; 49:12-26. 

16. Colbassani H], Feller WE, Cigtay OS, 

Chun B. Mammographic and pathologic 
correlation of microcakification in disease 
of the breast. Surg Gynecol Obstet 1982; 
155:689-696. 


Volume 159 Number 3 


Radiology * 677 



8.8 


Breast imaging: Dual-energy projection radiography 
with digital radiography 


651 


Tarou Asaga (born 1946) 


Dr. Taro Asaga was born on 29 June 29 1946 in Tokyo, Japan. He graduated from 
Fukushima Medical University in 1971. He qualified as a doctor at Yokohama City 
University in 1983. 

After graduating from Fukushima Medical University, he joined the resident 
course in Yokohama City University from 1971 to 1973. In 1973 he started his clini¬ 
cal work at the Department of Surgery in the Municipal Yokohama-Shimin 
Hospital. Since 1976 he has been working in the Kanagawa Cancer Center Hospital 
in the Kanagawa Prefecture in Japan. While performing clinical work in the 
Kanagawa Cancer Center, his major research field has been the diagnosis and 
treatment of breast cancer. This has involved the study of sentinel lymph node 
biopsy specimens in breast cancer, studies into determining the location breast 
cancer by dual-energy subtraction, and studies into prognostic factors for breast 
cancer. He is currently the Director of the Department of Surgery in the Kanagawa 
Cancer Center. 



Shikibu Chiyasu (born 1945) 


Mr. Shikibu Chiyasu, RT, was born on 16 January 16 1945 in Shizuoka Prefecture 
in Japan. In 1970 he obtained his National License as a Diagnostic Radiation 
Technologist. 

From 1966 to 1988 he worked in the Kanagawa Cancer Center Hospital, which is 
a core facility for cancer diagnosis and treatment in Kanagawa Prefecture, Japan. 
During this period he conducted studies evaluating the efficacy of new imaging 
technology in clinical practice. More specifically, in the 1970s he conducted studies 
of the effects of the rare earth screen type and X-ray spectrum on the image char¬ 
acteristics of mammography. In the 1980s he conducted a series of studies into the 
clinical application of digital image processing using CR in the field of diagnostic 
chest X-ray, tomography and mammography, as well as evaluations of new imag¬ 
ing such as dual-energy subtraction mammography or chest one-shot energy sub¬ 
traction. From 1988 to 1993 he worked in the Kanagawa Prefectural Ashigara-Kami 
Hospital as Chief Radiological Technologist. During this period, he conducted 
studies into image transmission over the public telephone line among multiple 
hospitals. In 1993, he was appointed Chief Radiological Technologist in the 
Kanagawa Cardio Vascular and Respiratory Center. 

From 1993 to the present he has been working in the Yokohama Tsurugamine 
Hospital as Chief Radiological Technologist of the Department of Diagnostic 
Imaging, and presently is in charge of conducting mass surveys of stomach, lung, 
and breast cancers and also of MR imaging. His recent studies are evaluations of 
the efficacy of the CRT viewing system, mass survey of the gastrointestinal tract, 
and comparison of various digital radiography types applied to mass survey. 

He is accredited by the Japanese Society of Gastroenterological Mass Survey as 
an expert technologist for stomach mass survey. 





652 


Chapter 8 Mammography 


Syuuji Matsuda (born 1934) 


Mr. Shuji Matsuda, RT was born on 7 January 1934 in Okayama Prefecture, Japan. 
In 1956 he graduated from Dai-Nihon Roentgen School and got his National 
License as a Diagnostic Radiation Technologist. From i960 to 1962, he worked in 
the public health department which was located at the City of Odawara, and run 
by Kanagawa Prefecture. 

In 1963 he moved to the Kanagawa Cancer Center Hospital, which is a core fa¬ 
cility of cancer diagnosis and treatment in the Kanagawa Prefecture, Japan. He 
worked in this hospital as Chief Radiological Technologist until 1988. In the 1960s 
and the 1970s, he conducted studies evaluating and improving the characteristics 
of automatic exposure control equipment such as phototimer, under practical ex¬ 
amination environments. In the 1980s, he headed series of studies on application 
of computed radiography systems to routine radiology practices, including evalu¬ 
ating and optimizing exposure conditions as well as digital image processing con¬ 
ditions. 

From 1989 to 1993, he worked in the Kanagawa Prefectural Children Medical 
Center as Chief Radiological Technologist. During this period, he conducted stud¬ 
ies on applications of computed radiography to pediatric studies. From 1993, he 
filled posts at several public health organizations successively until his retirement. 



Hirohumi Mastuura (born 1948) 


Mr. Hirofumi Matsuura, RT, was born on 22 October 1948, in Tokushima City, 
Tokushima Prefecture, Japan. In 1969, he graduated from the School of X-ray 
Technologists of Tokushima University and got his National License as first-class 
technician handling radioactive materials. In 1970 he graduated from the School 
of Diagnostic Radiation Technologists of Tokushima University and got his 
National License as a Diagnostic Radiation Technologist. 

From 1970 to 1996 he worked in the Kanagawa Cancer Center Hospita,l which is 
a core facility for cancer diagnosis and treatment in Kanagawa Prefecture, Japan. 
In 1983, he was appointed a Senior Radiation Technologist. In the early 1980s he 
conducted studies regarding the optimization of X-ray filtering and its effect on 
the image quality and dose reduction. From 1986 to 1996 he conducted studies 
regarding clinical application of computed radiography, typically the optimiza¬ 
tion of digital image processing such as gradation and frequency enhancement 
for individual anatomies. 

From 1996 to 1998 he worked in the Kanagawa Prefectural Ashigara-Kami 
Hospital and from 1998 to 2003 in the Prefectural Atsugi Hospital. In 2003 he 
moved to the Municipal Atsugi Hospital. Presently (2004) he is Head of the 
Radiation Technology Department of the Municipal Atsugi Hospital. 




8.8 Breast imaging 


653 


Masamitsu Ishida (born 1950) 


Mr. Masamitsu Ishida was born on 23 March 1950, in the City of Hikari, Yamaguchi 
Prefecture, Japan. He got his BSc in Electrical Engineering in 1972 and his MSc in 
1974 from Kyoto University. 

From 1974 to the present he has been working as a researcher at the Fuji Photo 
Film Co. Ltd. (Fujifilm). He started his research career in the physics of elec¬ 
trophotographic imaging. In 1976, he joined a basic research activity on a new di¬ 
agnostic X-ray system and later a project for development of computed radiogra¬ 
phy. During this period he played a major role in the development of the digital 
image processing of medical images. From 1981 to 1983 he temporarily joined the 
Kurt Rossman Laboratories at the University of Chicago as a research associate 
and conducted studies into the effect of image processing on perception by the 
human eye-brain system. Through the 1980s, he was in charge of research on med¬ 
ical image processing as Research Manager at Fujifilm. In the 1990s, he headed 
the laboratory for image designing and evaluation of photographic imaging and 
display systems. Presently, he is Divisional Manager of the Quality Design and 
Evaluation Center of Fujifilm. 



Takao Komaki (born 1948) 


Mr. Takao Komaki was born on n July 1948, in the City of Kawagoe, Saitama 
Prefecture, Japan. He got his BSc in Electrical Engineering in 1972 from Kogakuin 
University. 

From 1967 to 1996 he worked at Fuji Photo Film Co. Ltd. (Fujifilm). 

From 1967 to 1976 he worked as a researcher in the R&D laboratory. In 1976, he 
joined a basic research activity on a new diagnostic X-ray system and later a proj¬ 
ect for the development of computed radiography. During this period, he played a 
major role in evaluating image quality and conducting joint clinical evaluations 
with medical facilities on the CR system. From 1976 to 1988, he worked in the field 
of application of image processing to CR images. From 1988 to 1996, he worked as 
an Engineering Manager and was in charge of technical marketing in the medical 
group of the Equipment Products Division of Fujifilm. 

In 1996 he moved to Fujifilm Medical Systems Co. Ltd., Tokyo (FMS). Presently, 
he is General Manager of the Technical Marketing Group of FMS. 




654 


Chapter 8 Mammography 


Technical Developments and Instrumentation 


Breast Imaging: Dual-Energy Projection Radiography 
with Digital Radiography 1 


Taroii Asaga, MD 
Shikibu Chiyasu, RT 
Syuuji Mastuda, RT 
Hirohumi Mastuura, RT 
Hisatoyo Kato, MS 
Masamitsu Ishida, MS 
Takao Komald, MS 

Dual-energy projection radiography was 
applied to breast examinations- To per¬ 
form the dual-energy subtraction radi¬ 
ography with use of a digital radiogra¬ 
phy unit, high- and low-energy projec¬ 
tions were made at an appropriate time 
interval under differing x-ray exposure 
conditions. Dual-energy projection radi¬ 
ography appears to offer clear, detailed 
images and may be a useful supplement 
to standard mammography. 

Index terms: Breast radiography, technology 
00,121 * Radiography, digital * Subtraction, 
dual-energy 

Radiology 1987; 164:069-870 


O n conventional mammograms ob¬ 
tained with the compression 
method, normal soft tissue of the 
breast, tumor, calcium deposits, and 
other shadows may overlap one anoth¬ 
er in such a way as to mask a lesion. 
Therefore, tumors may not be clearly 
differentiated from adjacent mammary 
structures. With the use of mammogra¬ 
phy in dense breasts, it may be difficult 
to recognize the border of cancer infil¬ 
tration. 

Because of such drawbacks of con¬ 
ventional mammography, a clinical in¬ 
vestigation was undertaken to-establish 
a technique to identify tumors and rec¬ 
ognize the border of cancer infiltration, 
thereby improving the accuracy of di¬ 
agnosis, Breast dual-energy subtraction 
radiography was carried out clinically 
with use of computed radiography (CR) 
(1). In this way, an attempt was made to 
remove mammary structures with dual¬ 
energy subtraction in order to arrive at 
a more specific and accurate interpreta¬ 
tion of the images. 



a, b. 

Figure 1, Infiltrating duct carcinoma, fa) Cramccaudat low-energy image. Arrow = tumor 
shadow, (b) Dual-energy subtraction image reveals the carcinoma was accompanied by a 
small daughter nodule (arrows). 



a, b. 

Figure 2. Scirrhous carcinoma, (a) Craniocauda! low-energy image, (b) The border of cancer 
infiltration (arrows) was revealed by dual-energy subtraction radiograph. 



a. b* 

Figure 3. Sclerosing adenosis, la) Craniocandal low-energy image. Arrow — possible malig¬ 
nant tumor, (b) Dual-energy subtraction image. 


1 From the Department of Surgery (T,A ) and 
Department of Radiology, Division 1(5-C, 
S-M-, H,M.) r Kanagawa Cancer Center, 54-2 Na- 
kaothou,, Asahi-ku, Yokohama, japan; Fuji Pho¬ 
to Film, Kenagawa^ Japan (B,K-, M L.); and Fuji 
Medical Systems, Tokyo (T.K.). Received No¬ 
vember 19, 1986; revision requested January 6, 
1987; revision received March 9; accepted April 
29. Address reprint requests to S.C, 

«RSNA, 1987 


Materials and Methods 

The CR system (model 101; Fuji Pho¬ 
to Film, Kanagawa, Japan) was em¬ 
ployed in compression mammography 
with both single-energy and dual-ener¬ 
gy subtraction radiography (2-5). Dual¬ 
energy subtraction radiography was 
performed in 40 patients in whom (a) 


the diagnosis of cancer was equivocal 
on the basis of results of ultrasonogra¬ 
phy or mammography or (5) the border 
of cancer infiltration was not clearly 
demonstrated by compression mam¬ 
mography with CR. 

The CR system uses scanning, laser- 
stimulated luminescence (1). The image 
detector of the CR system—the imag- 
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ing plate—is coated with minute crys¬ 
tals of photostimulable phosphor in an 
organic binder. A high-resolution im¬ 
aging plate with a sampling rate of 10 
pixels per millimeter was used in this 
study. 

Mammography was performed with 
a Mam mo Diagnost U-M system (Phil¬ 
ips, Shelton, Conn,) (x-ray tube wirh 
molybdenum anode; focus size, 0.5 X 
0.5 mm; grid ratio, 5:1; number of lines, 
31/cm; drive, direct-current motor; pro¬ 
tection, carbon-fiber covering). The ex¬ 
posure conditions of compression 
mammography were 30 kV and 45 mA 
(420 mR [OJQS mC/kg] skin dose). The 
exposure conditions of dual-energy 
subtraction radiography were 40 kV 
and 50 mA with add filter of 1.5 mm 
aluminum for high-energy images (150 
mR [0,039 mC/kg] skin dose), and 28 
kV and 42 mA with add filter of 0,025 
mm molybdenum for low-energy im¬ 
ages (600 mR [0,155 mC/kg] skin dose). 
The effective energies of high and low 
x-ray beams were 0,7 mm and 0,3 mm 
in aluminum ha If-value layer, respec¬ 
tively. 

Two automatically controlled expo¬ 
sures were made in each case at an in¬ 
terval of about 10 seconds, and the 
breast was kept pressed against the tilt- 
table throughout the procedure. To re¬ 
move soft-tissue structures and visual¬ 
ize calcifications and cancers, dual¬ 
energy subtraction radiographs were 
obtained with the CR system and the 
use of a photoelectric Compton effect 
algorithm. 

Results 

In 18 of 29 cases diagnosed as cancer 
on the basis of pathologic findings, 
dual-energy subtraction radiography 


more clearly depicted the focus of tu¬ 
mor and the border of cancer infiltra¬ 
tion. In nine of 11 cases of benign dis¬ 
ease, such as fibrocystic disease, fibro¬ 
adenoma, and cyst, the margins of the 
lesions were more clearly defined by 
dual-energy subtraction radiography. 

Figure la is a compression mammo¬ 
gram obtained with CR. The tumor 
shadow can be recognized, but no oth¬ 
er specific shadow can be pointed out. 
The dual-energy subtraction image 
(Fig. lb) reveals that a daughter nodule 
was also present. Pathologic diagnosis 
in this case was a 1.5 X 1.5 X 1.2-cm in¬ 
filtrating duct carcinoma with a small 
daughter nodule. 

Figure 2a is a compression mammo¬ 
gram obtained with CR, A tumor shad¬ 
ow is apparent, but the border of the 
tumor cannot be dearly identified. The 
dual-energy subtraction image (Fig. 2b) 
delineates the tumor more clearly. 
Pathologic diagnosis in this case was a 
2,5 X 1,5 X L5-cm scirrhous carcinoma. 

The compression mammogram in 
Figure 3a indicates an irregularly con¬ 
centrated breast, which suggests a ma¬ 
lignant tumor. In the dual-energy sub¬ 
traction image (Fig, 3b) the concentra¬ 
tion in the mammary gland is removed, 
and there is no shadow of a malignant 
tumor, as seen in Figures lb and 2b, Ac¬ 
cordingly, a diagnosis of a benign tu¬ 
mor was made. Histopathologic exami¬ 
nation of a specimen obtained at open 
biopsy yielded no findings suggestive 
of malignancy, and a diagnosis of scle¬ 
rosing adenosis was established. 


Discussion 

Results of dual-energy subtraction 
radiography were satisfactory for sev¬ 
eral reasons; (ft) because compression 
was used, there was little body motion 
(small motion artifacts were produced 


at the border of the breast in only two 
cases); (fr) the x-ray detector (imaging 
plate) with a linear response and a 
wide dynamic range helped improve 
image quality; and ( c ) a grid was used 
to produce images unaffected by scat¬ 
tered x rays. 

This new technique has two definite 
advantages; (ft) the diagnostic advan¬ 
tage of tumor identification and delin¬ 
eation of the area of infiltration and (b) 
easy production of diagnostically use¬ 
ful images with conventional mammo- 
graphic equipment. The technique will 
be useful in clinical practice, especially 
in cases in which the possibility of can¬ 
cer cannot be completely ruled out 
with any conventional method. 13 
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8.9 Stereotactic breast biopsy with a biopsy gun 


Steve H. Parker (born 1954) 

Stephen Parker was born 28 January 1954 in Aberdeen, Maryland, USA. He got his 
BA cum laude in biological sciences from University of Missouri, Columbia, 
Missouri and his MD from St. Louis University School of Medicine, St. Louis, 
Missouri. 

He started his flexible internship in 1979 and his residency in 1980 at 
Fitzsimmons Army Medical Center Aurora, Colorado. In 1983 Dr. Parker got his 
Board certification from American Board of Radiology. He then went to Germany 
and became Chief, Department of Radiology, 5th General Hospital, Stuttgart, West 
Germany. In 1985 he came back to the USA and became a fellow in body imaging 
(CT, MRI, US), University of Colorado Health Sciences Center, Denver, Colorado 
and in 1986 he was appointed Chief, Diagnostic Radiology Branch Department of 
Radiology Fitzsimmons Army Medical Center and Assistant Clinical Professor, 
Department of Radiology, University of Colorado Health Sciences Center. Here he 
was awarded “Teacher of the Year” (1986) and “Clinical Radiologist of the Year” 
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In 1990 Stephen Parker adapted the ideas of alternatives to open biopsy intro¬ 
duced by Nordenstrom (1977) and Lindgren (1982) to develop stereotactic breast 
biopsies. 
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Stereotactic Breast Biopsy with a Biopsy Gun 1 


One hundred three patients under¬ 
went stereotactic breast biopsy with 
an 18-, 16-, or 14-gauge cutting nee¬ 
dle and a biopsy gun. After biopsy, 
a localization wire was placed and 
surgical biopsy performed. There 
was agreement of the histologic re¬ 
sults in 39 cases (S7%) including 14 
of 16 cancers (87%) U = 0.806k The 
gun biopsy yielded the correct diag¬ 
nosis in four cases involving a le¬ 
sion (including one cancer) that was 
missed at the surgical biopsy. Nine 
cases in which the lesion was 
missed at gun biopsy can be related 
to insufficient needle size, the 
greater difficulty in using one of the 
two stereotactic devices, and early 
inexperience with the technique. A 
14-gauge needle was used in the last 
29 biopsies, the results of which 
agreed with the surgical pathologic 
findings in 28 cases (97%). With 
greater experience, stereotactic- 
guided large-gauge automated per¬ 
cutaneous biopsy may prove to be 
an acceptable alternative to surgical 
biopsy in women with breast 
masses suspected at mammography. 

Index terms: Biopsies, technology * Breast; bi¬ 
opsy, 00.1299 * Breast neoplasms, diagnosis, 
ooi * Breast neoplasms, localisation, 00.125 

Radiology 1990; 176:741-747 


G reater utilization of breast 
screening in asymptomatic 
women is leading to the discovery of 
an ever-increasing number of non- 
pa lpable lesions suggestive of cancer. 
Patients with more ominous-appear¬ 
ing lesions are referred for needle lo¬ 
calization followed by surgical biop¬ 
sy. While a relatively safe procedure, 
there is frequently some delay in ar¬ 
ranging the biopsy, the cost is signif¬ 
icant, and there is some potential for 
complications and disfigurement. Ac¬ 
curate, dependable needle biopsies 
wouid eliminate or considerably re¬ 
duce these drawbacks. 

Percutaneous biopsy of various 
sites other than the breast are rou¬ 
tinely performed by radiologists 
(1,2), and we have enjoyed improved 
success in such biopsies with the use 
of an automated biopsy device (3). 

We were frustrated in our initial at¬ 
tempts to utilize the instrument for 
breast biopsies, however, because of 
our inability to sample breast lesions 
with pinpoint accuracy. The advent 
of commercially available stereotactic 
mammography provided us with the 
means to apply our experience with 
the biopsy gun to the breast and con¬ 
fidently target a mammographically 
suggestive lesion. Recent investiga¬ 
tions conducted with use of stereo¬ 
tactic mammography in conjunction 
with fine-needle aspiration biopsy 
(FNAB) have been successful in en¬ 
abling breast cancer diagnosis but 
have had significant numbers of 


false-negative results and cases with 
insufficient tissue sampling (4-6), We 
therefore decided to compare results 
of stereotactic needle core gun biop¬ 
sies to those of the corresponding, 
concomitant surgical biopsies in 103 
consecutive patients referred for bi¬ 
opsy of mammograp.hically sugges¬ 
tive nonpalpable lesions, 

MATERIALS AND METHODS 

During a 13-month period, under a 
protocol approved by the clinical investi¬ 
gation /human use committee and after 
informed consent was obtained, 103 ster¬ 
eotactic needle core breast biopsies were 
performed. After the needle core biopsy 
and localization wire placement, the pa¬ 
tient underwent traditional surgical exci- 
sional biopsy; The surgical biopsies were 
performed by one of three surgical resi¬ 
dents, all under direct staff supervision. 
All needle core biopsies were performed 
by one of four radiologists (two staff radi¬ 
ologists and two radiology residents) 
with the Biopty gun (distributed by Bard 
Urological, Covington, Ga; manufactured 
by Radiplast, Uppsala, Sweden) in con¬ 
junction with 18", 16-, or 14-gauge 8iopty- 
cut needles. Sixty-five patients under¬ 
went biopsy with use of 18-gauge nee¬ 
dles, nine patients with 16-gauge needles, 
and 29 patients with 14-gauge needles. 
One hundred one patients underwent bi¬ 
opsy with the 'Tong-throw'' Biopty gun, 
which has a 2,3-cm needle excursion. Two 
patients underwent biopsy with the 
"short-throw" Biopty gun, which has a 
1.15-cm needle excursion. 

For the first 30 biopsies, stereotactic 
guidance was provided by the Seno- 
g raphe Mammographic System 600T (GE 
Medical Systems, Milwaukee) coupled 
with the Stereotix computerized stereo¬ 
tactic needle localization device (GE Med¬ 
ical Systems). The biopsy method used 
with this device is described elsewhere 
(7). Because of the logistical problems re¬ 
lated to the use of the Biopty gun with 
the Senographe unit, we switched to the 
Mammotest Stereotactic System (Fischer 


Abbreviation: FNAB = fine-needle aspiration 
biopsy. 
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Figure 2. Aligning the gun and needle and confirming needle position, (a) Stereo views 
are obtained,, and the coordinates generated from these views are dialed into the main unit 
aligning the gun and needle onto the proper trajectory. {b> The needle is advanced through 
the skin nick to the computed depth, and stereo views are obtained again to confirm that the 
needle tip is over the lesion, (c) Final set of stereo views is obtained after the gun is fired to 
document that the needle has traversed the lesion. 



Figure 1. Mammotest stereotactic system. 
Patient lies comfortably on the table with 
her breast placed through an opening in the 
table. All hardware is located beneath the ta¬ 
ble, with the compression plate (solid ar¬ 
row), stereotactic apparatus (open straight 
arrow), biopsy gun, and housing (open 
curved arrow) out of patient's sight- Biopsy 
gun is firmly locked into the housing 
mounted on depth slide, reducing the possi¬ 
bility of unwanted gun/needle displace¬ 
ment. 


Imaging, Denver) after the first 30 pa¬ 
tients. The remaining 73 patients under¬ 
went biopsy with this system. 

The Mammotest unit allows the patient 
to lie prone on a table with her breast 
protruding through an opening at the 
front of the table. The compression plate, 
x-ray tube, stereotactic apparatus, and the 
biopsy device are all located underneath 
the table, out of sight of the patient and 
free from encumbrances {Fig 1). The man¬ 
ufacturer designed a dedicated housing 
for the Biopty gun that attaches to the 
depth slide on the stereotactic apparatus. 
In addition, software was incorporated 
that provides an audible and visual warn¬ 
ing on the digitizer if the 2.3-cm excur¬ 
sion of the needle would result in the 
needle striking the Bucky plate. — 

The first step in the Mammotest biopsy 
sequence is to obtain a mammographic lo¬ 
calizing view that includes visualization 
of the whole breast to ensure that the le¬ 
sion is indeed within the aperture of the 
compression plate. After confirmation, 
the breast within the aperture is cleansed 
with povidone-iodine (Betadine; Purdue 
Frederick, Norwalk, Conn), Stereo view's 
are then obtained by swinging the x-ray 
tube 15° off center in each direction. The 
two stereo images are exposed adjacent to 
each other on the same film (Fig 2a), 
Computer-generated coordinates derived 
from the stereo images are dialed into the 
stereotactic unit, and the Biopty gun w r ith 
needle already loaded is aligned automat¬ 
ically on the proper trajectory. The needle 
is then advanced (by moving the gun 
housing) through a small skin nick to the 
calculated depth, and stereo views are ob¬ 
tained again to confirm that the needle is 
poised over the lesion (Fig 2b), The nee¬ 
dle is then backed up at least 2 mm to en¬ 
sure proper postfire positioning of the 
sample notch within the lesion (3). The 
gun is fired, and a final set of stereo 
views ensures that the needle has tra¬ 


versed the lesion (Fig 2c), The needle is 
removed, and the core tissue obtained is 
placed in formalin. Three to four passes 
are made through the lesion to canvass it 
anteriorly to posteriorly in measured in¬ 
crements from the center of the lesion. 
All biopsy passes traverse the same skin 
nick. 

After the stereotactic biopsy, a conven¬ 
tional needle localization hook-wire was 
placed by using the same coordinates as 


used for the needle core biopsy. A con¬ 
ventional mammogram was obtained to 
ensure adequate wire placement. The pa¬ 
tient then underwent outpatient surgical 
excisional biopsy under local anesthetic. 
The local anesthetic occasionally had to 
be supplemented by intravenously ad¬ 
ministered sedatives. The histopathologic 
specimens from each biopsy were then 
compared by the same pathologist to 
evaluate for agreement. 
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Figure 3. Comparison of gun needle core and surgical histopathologic specimens of breast 
cancer. (a) Intraductal carcinoma from the gun core specimen (arrows). (b) Same intraductal 
carcinoma from surgical excisional biopsy specimen (arrows). 


Comparison between Histopathologic Results of Needle Core Biopsy and 
Surgical Excision a 1 biopsy 


Needle Biopsy 
Results 

Cancer' 


SurgicaE Biopsy Results 


Total 

FA 

FCC 

Normal 

Other 

Insufficient 

Tissue 

Cancer 

14 

0 

l 

0 

0 

0 

15 

FA 

0 

14 

0 

2 

0 

0 

16 

FCC 

0 

0 

Sit 

0 

0 

Q 

51 

Normal 

1 

3 

4 

6 

0 

0 

14 

Other 

0 

0 

It 

0 

4 

0 

5 

Insufficient tissue 

0 

i 

0 

0 

0 

0 

1 

Total 

15 

IS 

5? 

3 

4 

0 

102 


Note .—k ■ G.S06 [values greater than 0.75 reflect strong agreement). FA ■ fibroadenoma, FCC ■ 
fibrocystic change. 

* Does not include lobular carcinoma in situ found serendiptously. 

* Includes partial agreement. 

1 Mammographic finding in this case corresponded to the needle core diagnosis (cicatrix). 


RESULTS 

The results from 102 of the 103 pa¬ 
tients who underwent stereotactic 
gun biopsy were available for com¬ 
parison with results from surgical 
excisional biopsy. (Needle biopsy 
specimens from one patient were 
lost.) Samples sufficient for histolog¬ 
ic analysis were obtained by means 
of stereotactic needle core biopsy in 
101 of the 102 patients (99%). The 
case in which insufficient tissue was 
obtained was one of the two biopsies 
performed with the "short-throw" 
Riopty gun and an 18-gauge needle. 
In 12 other cases there was disagree¬ 
ment between the histopathologic 
diagnoses reached with the two biop¬ 
sy methods. In eight of those cases, 
adequate tissue was obtained with 
the gun biopsy, but the diagnosis 
made was different from that made 
from the surgical specimen. In the 
other four cases, the results at gun bi¬ 
opsy corresponded to the mammo- 
graphic findings, but these findings 
were not seen at surgery. For the 102 
patients, k = 0.806 reflecting strong 
agreement between the stereotactic 
needle core and surgical excisional 
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biopsy results (Table). 

There were 16 cancers (13 infiltrat¬ 
ing ductal, two intraductal, and one 
mucinous carcinoma) with agree¬ 
ment between findings from the nee¬ 
dle and surgical biopsy specimens in 
14 cases (Fig 3), The gun biopsy core 
specimen did not include a small fo¬ 
cus of intraductal carcinoma found in 
a subsequent permanent surgical 
specimen. This was probably due to 
improper calibration of the stereotac¬ 
tic machine. In the other case of can¬ 
cer without correlation, the stereotac¬ 
tic gun biopsy yielded a diagnosis of 
mucinous carcinoma that was missed 
at the ensuing surgical excisional bi¬ 
opsy, The presence of cancer was lat¬ 
er substantiated by means of histo¬ 
logic examination of the surgical 
specimen after modified radical mas¬ 
tectomy. In ano ther case, the gun bi¬ 
opsy core did not include a focus of 
lobular carcinoma in situ found in 
the surgical specimen that was ob¬ 
tained in a region remote from the 
area of fat necrosis that was causing 
the mammographic abnormality. The 
fat necrosis was successfully diag¬ 
nosed from both the gun core and 
the frozen surgical material. 


There were 20 fibroadenomas, 
with agreement between findings 
from the needle core and surgical 
specimens in 41 cases. Four fibroade¬ 
nomas diagnosed at surgery were 
missed at stereotactic gun biopsy. 
One of the fibroadenomas was 
missed at gun biopsy because the 
stereotactic machine was out of cali¬ 
bration, Another fibroadenoma was 
missed because of patient movement, 
A third was most likely missed as a 
result of displacement of the lesion 
away from the advancing needle tip. 
The fourth fibroadenoma missed at 
gun biopsy was probably also due to 
lesion movement. Two fibroadeno¬ 
mas diagnosed at gun biopsy were 
missed at surgery (Fig 4). 

In the 55 cases of fibrocystic 
change, the findings from the needle 
core and surgical specimens were in 
full agreement in 37 and partial 
agreement in 14 cases. Full agree¬ 
ments were tabulated when three or 
more of the elements of that particu¬ 
lar area of fibrocystic change were 
correlated (Fig 5). If only one or two 
elements were correlated, then the 
case was tabulated as a partial agree¬ 
ment, There were four cases in which 
the gun biopsy specimen failed to 
contain any elements of fibrocystic 
change and contained only normal 
breast tissue. These may be a reflec¬ 
tion of the random distribution of fi¬ 
brocystic change within normal 
breast tissue. 

There were 11 other diagnoses in 
the series including six cases in 
which only normal breast tissue was 
found in both the stereotactic and 
surgical specimens. There were two 
cases of intramammary lymph nodes 
with good correlation of results be¬ 
tween biopsy techniques. In fact, in 
one of the two cases, results correlat¬ 
ed so well that the pathologist be¬ 
lieved he could identify the defect 
from the gun core on the surgical 
specimen (Fig 6), In one case with a 
radial scar and one with an area of fat 
necrosis, results also correlated well, 
Finally, a cicatrix diagnosed at stereo¬ 
tactic biopsy was missed at surgery. 

Subjectively, it was noted that 
breast tissue (unlike prostate, liver, 
or kidney) was frequently fatty and 
friable and tended to fragment and 
disintegrate when placed in formal¬ 
in. In consultation with our patholo¬ 
gists, it became clear that the histo¬ 
logic correlations were not perfect 
with the 18- or even 16-gauge nee¬ 
dles, especially in cases of fibrocystic 
change. It was decided to use a still 
larger-gauge needle. Therefore, after 
74 patients underwent biopsy with 

Radiology * 743 








660 


Chapter 8 Mammography 



Figure 4. Fibroadenoma missed at surgical biopsy, (a) Stereo views demonstrating needle 
poised over cluster of microcalcifications (arrows), (b) Gun core sample showing the fibrous 
tissue (straight arrow) and microcaldfication (curved arrow) of a sclerotic fibroadenoma, 

(c) Radiograph of surgical specimen showing end of localization hook-wire but no microcab 
cifications. At histopathologic examination, the specimen contained only normal breast tis¬ 
sue without evidence of the sclerotic fibroadenoma. 


the 18* and J6-gauge needles, the re¬ 
maining 29 underwent biopsy with 
14-gauge needles. With the 14-gauge 
needle there was only one case of fi¬ 
brocystic change without correlation 
of results. Evaluation of the 14-gauge 
needle cores by our pathologists re¬ 
vealed specimens that were much 
more consistent and uniform than 
those obtained with the small er- 
gauge needles. 

The one documented case of a fi¬ 
broadenoma missed at gun biopsy re¬ 
sulted from breast movement with 
use of the Senographe Stereotix unit. 
No unwanted patient or gun/needle 
movement was observed with use of 
the Mam mo test unit. In the two cases 
of documented lesions (one fibroade¬ 
noma and one cancer) that were 
missed at gun biopsy, calibration 
problems occurred with the Mammo- 
test unit. These problems were 
solved by checking the calibration 
with a phantom prior to each biopsy. 
No calibration problems were en¬ 
countered with the Senographe Ster¬ 
eotix unit. The time required for the 
procedure has decreased with experi¬ 
ence such that the average time for 
the procedure (excluding placement 
of localizing hook-wire) is now ap¬ 
proximately 20-30 minutes. 

None of the 103 patients suffered 
immediate significant complications. 
Two vasovagal reactions occurred 
during use of the Senographe Stereo- 
fix; one caused patient and breast 
movement resulting in a gun biopsy 
miss. No reactions occurred with the 
Mammotest unit. No significant 


bleeding occurred, even with use of 
the 14-gauge needle. Minor oozing 
was controlled easily with manual 
pressure. Three cases of local celluli¬ 
tis occurred, and all were successful¬ 
ly treated with antibiotics. It is not 
possible to determine with certainty 
whether these three cases resulted 
from the needle core biopsy, needle 
localization, or surgical biopsy. How¬ 
ever, cellulitis is a known complica¬ 
tion of surgical excisional biopsy, 
and we have yet to log a single case 
of an infectious complication in near¬ 
ly 1,000 gun biopsies of other ana¬ 
tomic sites. 

DISCUSSION 

As mammography screening be¬ 
comes more commonplace and more 
suspicious lesions are detected, the 
need for an increasing number of 
breast biopsies will most likely result 
(8). In addition, some advocate low¬ 
ering the threshold for breast biopsy 
to detect earlier cancers (9), and this 
would compound the increase in bi¬ 
opsy performance. Currently, the 
most common means of breast biopsy 
is surgical excision. This is an expen¬ 
sive, time-consuming, uncomfort¬ 
able, and occasionally unreliable 
method of diagnosis (8,10), As radiol¬ 
ogists whose role it is to make diag¬ 
noses and, more specifically, to per¬ 
form image-guided percutaneous bi¬ 
opsies, it should be natural that we 
adapt our techniques to the diagnosis 
of breast disease. Most investigators 
have focused on FNAB in an attempt 



c. 


to accomplish this goal (4-6,11-13). 
Stereotactic mammographic guidance 
has improved the theoretical accura¬ 
cy of skinny needle placement, but 
FNAB results in a substantial number 
of cases in which insufficient tissue is 
obtained (6%-47%) and in a signifi¬ 
cant number of false-negative find¬ 
ings (1%-31%) (14), In addition with 
FNAB, the occasional false-positive 
results (1% or less), the poor ability to 
make definitive benign diagnoses, 
and the inability to distinguish be¬ 
tween in situ and invasive carcinoma 
have made surgeons and others re¬ 
luctant to rely on percutaneous 
breast biopsy findings to make defin¬ 
itive treatment decisions (14-16). 
Compounding the above problems is 
the fact that cytopathology is a diffi¬ 
cult art and science that is not avail¬ 
able In its highest form in many in¬ 
stitutions. Since many believe that 
aspiration biopsy will not achieve a 
high degree of success without the 
constant availability of a highly 
skilled and trained cytopathologist, 
attempts to perform breast FNAB at 
many institutions are likely to be un¬ 
successful (4,14,17). 

Many pathologists and surgeons 
believe core tissue is superior to ma¬ 
terial obtained from needle aspira- 
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a. b. 


Figure 5. Histopathologic gun core specimen of fibrocystic changes showing several differ¬ 
ent elements- fa) Gun core specimen showing multiple ectatic ducts (straight arrows) and fi¬ 
brosis (curved arrow), (b) Another portion of the same core shows ductal hyperplasia (open 
straight arrows) and papillomatosis (open curved arrow). These findings are difficult, if not 
impossible, to detect at aspiration biopsy . 



tion biopsy, since it provides histo¬ 
logic information permitting defini¬ 
tive benign diagnoses and more 
complete characterization of malig¬ 
nant lesions (1,2,15,16). When a de¬ 
finitive benign diagnosis (eg, fibro¬ 
adenoma) can be made, open biopsy 
can be confidently avoided. The reli- 
able, complete, preoperative charac¬ 
terization of the type of malignant 
lesion present allows for the appro¬ 
priate tailoring of the patient's treat¬ 
ment without repetition of biopsy 
when and if surgery is performed. 
One of the reasons that radiologists 
might not have routinely used large- 
gauge core needles in breast biopsy 
in the past is the theoretic increase in 
morbidity that is seen when large- 
gauge needles are used elsewhere in 
the body (1,2), In adapting FNAB 
techniques to breast biopsy, investi¬ 
gators naturally used the needles and 
the techniques that they had honed 
during their experience in biopsy of 
other areas of the body, apparently 
without considering the fact that the 
breast is quite forgiving and virtually 
devoid of structures that could result 
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in significant morbidity if trans¬ 
gressed by a core biopsy needle. 

Also, there have been conflicting re¬ 
ports regarding the relative efficacy 
of aspiration needles versus core bi¬ 
opsy needles in the breast (18-21). 
The studies purporting superior re¬ 
sults with FNAB, however, compared 
multiple skinny needle passes to one 
core needle pass and were performed 
without an automated, rapid-fire core 
biopsy instrument or pinpoint imag¬ 
ing guidance (neither stereotactic nor 
ultrasound [US] guidance). They also 
failed to address the poor ability of 
FNAB results to enable a definitive 
benign diagnosis, an important con¬ 
sideration in breast biopsy as the ma¬ 
jority of lesions sampled are indeed 
benign. Without definitive benign 
diagnoses, it is impossible to differ¬ 
entiate between a potential false-neg¬ 
ative result due to a sampling error 
and a true-negative result such as fi¬ 
broadenoma, sclerosing adenosis, or 
fibrocystic change. 

Because the breast frequently con¬ 
sists of extraordinarily friable and 
fatty tissue, our pathologists found 


that the 14-gauge needles most con¬ 
sistently provided the highest quali¬ 
ty, intact cores. We also thought that 
the larger cores would further de¬ 
crease the chances of sampling error. 
We continued to use the Biopty gun 
rather than the conventional 14- 
gauge needle because of the ease of 
use of the gun, the decreased patient 
discomfort and increased specimen 
quality and integrity due to the split- 
second sampling, and the ability of 
the gun to pierce both hard and mo¬ 
bile breast lesions before they have a 
chance to move out of the path of the 
needle. 

Despite the use of stereotactic 
guidance, with its theoretical accura¬ 
cy of 1 mm in needle core gun biop¬ 
sies, there were still nine cases in 
which the stereotactic gun biopsy 
failed to yield the diagnosis that was 
successfully made at surgical biopsy. 
However, we believe there were sev¬ 
eral possible explanations for these 
misses. First, our definite inexperi¬ 
ence with two different stereotactic 
machines used during our study had 
to be overcome. In addition, our pa¬ 
thologists had to gain experience and 
confidence in handling and inter¬ 
preting the cores. Second, because 
the 18-gauge needles used in the first 
64 patients did not always obtain full 
intact cores, lesions may not have 
been as thoroughly canvassed as we 
believed from the stereo images. 

Also, the short-throw gun was used 
on two occasions until we realized, in 
conjunction with another study, that 
it did not reliably obtain high-quality 
tissue (22). Third, we experienced 
significant calibration problems on at 
least two separate occasions. Fourth, 
patient movement causing subse¬ 
quent breast movement after the ini¬ 
tial stereo calculations were made re¬ 
sulted in inaccurate coordinates in 
two cases. Fifth, we realized that at 
least one and possibly two fibroade¬ 
nomas were missed because of lesion 
movement within the breast. This 
seems to be a frequent characteristic 
of fibroadenomas, confirmed under 
direct visualization during our US- 
guided biopsies, since they do not 
appear to be firmly anchored in the 
breast. Therefore, as a needle is man¬ 
ually advanced toward the lesion, it 
can rotate or slip out of the path of 
the needle. Presently, if we suspect 
that a lesion is moving away from 
our needle tip, we back the tip up as 
much as 1.5 cm from the lesion. 

Then, when the gun is fired, the 
split-second rapid-fire projection of 
the needle allows it to pierce the le¬ 
sion before it can slip out of the way. 
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Figure 6. Comparison of histopathologic specimens of an intramammary lymph node. 
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Finally, it is apparent that serendip¬ 
ity plays a role in breast diagnosis. In 
other words, there are occasions 
when the surgeons unwittingly make 
a diagnosis with their generous sur¬ 
gical sample that may have nothing 
whatsoever to do with the mam mo- 
graphic finding. We believe the sur¬ 
gical diagnosis of lobular carcinoma 
in situ in our series was just such an 
example; the mammographic finding 
in that case was fat necrosis. There is 
nothing that can be done about le¬ 
sions missed at stereotactic gun biop¬ 
sy that were serendipitously seen at 
surgical biopsy; however, the other 
causative factors in our misses can be 
addressed and if these factors are 
eliminated, the success rate should 
improve further. 

In determining whether stereotac¬ 
tic gun biopsies might be performed 
as an alternative to surgical exd- 
sional biopsies, one should also take 
a close look at surgical biopsies, 
which have been referred to in some 
instances as "ritualistic rather than 
realistic" (15). Although surgery is 
considered a standard of reference, it 
should not be mistaken for perfec¬ 
tion. On the contrary, needle local* 
ization breast biopsy is a semiblind 
operation with a technical difficulty 
that should not be underestimated 
even by the most experienced sur¬ 
geons (23). The lesion miss rate is as 
high as one in five procedures with 
local anesthesia (10), Considerable 
bleeding can occur during a surgical 
biopsy that can obscure the operative 
field and preclude confident excision 
of deep lesions (23). Also, if the wire 
inadvertantly dislodges, migrates, or 
is transected, the surgeon can become 
disoriented and excise the wrong tis¬ 
sue (24,25). Finally, lack of communi¬ 
cation between the radiologist who 
has placed the localizing wire and 
the surgeon can result in a surgical 
miss (26). Surgical biopsies are also 
time-consuming, potentially nerve- 
racking, and require a great deal of 
resources (8). The delays frequently 
encountered impose a psychological 
stress on the patient awaiting the 
procedure. Combining the time in 
the radiology and surgery depart¬ 
ments, the needle localization and 
surgical excisional biopsy may re¬ 
quire up to 3 hours. Postoperative he¬ 
matoma, cellulitis, and poor cosmesis 
can result. 

By contrast, a stereotactic gun biop¬ 
sy obtains surgical tissue with only a 
skin nick, leaving no scar. It can be 
performed quickly and easily after 
the original mammogram is ob¬ 
tained, even the same day. This tech¬ 


nique is actually a further extension 
of the "minimal volume excision" 
approach advocated by Gallagher et 
al (27); however, it is much more ex¬ 
peditious and eliminates surgery en¬ 
tirely for benign lesions. Thus, the 
potential for psychological stress and 
physical trauma is lessened consider¬ 
ably. 

A beneficial by-product of needle 
core breast biopsy is the nearly im¬ 
mediate feedback the radiologist re¬ 
ceives regarding the actual histo¬ 
pathologic makeup of the mammo¬ 
graphic finding in question. This 
will naturally improve future mam- 
mographers' interpretation abilities, 
and a less experienced mammo- 
grapher will become highly compe¬ 
tent much more quickly. As noted by 
Hall, "no book or lecture can substi¬ 
tute for this type of teaching" (8). 
Also, the frequently puzzling and 
sometimes highly suggestive mam¬ 
mographic pseudo lesions that can 
appear after surgical biopsy should 
no longer be a dilemma (19). 

Previously, in patients with highly 
suggestive lesions or obvious mam¬ 
mographic cancers, the definitive 
surgery may have been performed in 
the process of the biopsy. Now such 
patients might still go straight to sur¬ 
gery; however, this sequence may 
change as the trend toward more 
conservative and nonsurgical treat¬ 
ment of primary breast cancer con¬ 
tinues, Acquisition of a definitive 
histologic needle core biopsy speci¬ 
men may be desirable prior to con¬ 
sideration of any type of treatment, 
surgical or otherwise. 

Currently there is some debate 
about the advisability of short-inter¬ 
val follow-up of less suggestive or 
"probably benign" lesions versus 
recommendation of immediate surgi¬ 
cal biopsy (28). The rationale for 
short-interval follow-up is the unfa¬ 
vorable cost-benefit analysis that oc* 
curs when benign to malignant ratios 
rise with the inclusion of such le¬ 
sions for surgical biopsy. With the 
lower cost, discomfort, and psycho¬ 
logical trauma associated with stereo¬ 
tactic gun biopsies, a more aggressive 
approach to the definitive histo¬ 
pathologic diagnosis of mammo¬ 
graphic lesions could be forthcom¬ 
ing. 

The cost of a surgical excisional bi¬ 
opsy in Denver varies between 
$1,217 and $2,673 depending on 
whether or not it is performed with 
administration of general anesthesia 
and whether it is performed on an 
in- or outpatient basis. The cost of a 
stereotactic gun biopsy is approxi¬ 


mately $675, With increasing utiliza¬ 
tion of mammographic screening and 
the resultant increase in performance 
of breast biopsy, the national cost of 
surgical biopsy could rise consider¬ 
ably, It is therefore important that 
cost-effective means of breast cancer 
diagnosis are identified and utilized. 
Stereotactic gun biopsy of the breast 
may help fill this need. 

In conclusion, to justify a percuta¬ 
neous breast biopsy triage system for 
suggestive nonpalpable mammo¬ 
graphic lesions, the system must be 
extremely accurate, reduce or elimi¬ 
nate surgical biopsy with benign re¬ 
sults, and reduce the amount of sur¬ 
gery required for therapy of the can¬ 
cers diagnosed (29). Stereotactic 
mammography allows pinpoint nee¬ 
dle placement, and the large cores 
obtained from 14-gauge needles fur¬ 
ther decrease the possibility of sam¬ 
pling error. The large cores also elim¬ 
inate the need for an experienced cy- 
topathologist and allow for histologic 
evaluation permitting definitive be¬ 
nign diagnoses and complete charac¬ 
terization of malignant lesions. Utili¬ 
zation of a mechanized biopsy device 
eliminates the need for mastery of 
difficult aspiration techniques with 
the push of a button. It is therefore 
our opinion that stereotactic breast 
gun biopsy overcomes many of the 
problems associated with FNAB and 
may prove to be a cost-effective, ex¬ 
pedient, and dependable alternative 
to surgical biopsy, ■ 
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